



Universidade de Aveiro 
2017  
Departamento de Ambiente e Ordenamento 
GABRIELA     
MOURIÑO      
CASTILHO 
 
O COMPORTAMENTO ENERGÉTICO E A REDUÇÃO 
DE CONSUMO EM EDIFÍCIOS DE SERVIÇOS 
 
 
ENERGY BEHAVIOUR AND CONSUMPTION 
















Universidade de Aveiro 
2017  
Departamento de Ambiente e Ordenamento  
GABRIELA     
MOURIÑO      
CASTILHO 
 
O COMPORTAMENTO ENERGÉTICO E A REDUÇÃO 





Dissertação apresentada à Universidade de Aveiro para cumprimento dos 
requisitos necessários à obtenção do grau de Mestre em Sistemas 
Energéticos Sustentáveis, realizada sob a orientação científica do Doutor 
Nelson Amadeu Dias Martins, Professor Auxiliar do Departamento de 








o júri   
presidente Prof. Doutor Luís António da Cruz Tarelho 
Professor auxiliar do Departamento de Ambiente e Ordenamento 
  
 Prof.ª Doutora Mara Teresa da Silva Madaleno 
Professora auxiliar do Departamento de Economia, Gestão, Eng.ª Industrial e Turismo 
  
 Prof. Doutor  Nelson Amadeu Dias Martins 









agradecimentos   
      
  
To my supervisor Nelson Martins, for his thorough contributions 
and guidance throughout this process. 
To my family, for their endless support. 
To my partner, for encouraging me all these years. 




Occupant behaviour; Dynamic simulation; Service sector 
buildings. 
abstract In view of the current global scenery, in which several nations 
are striving against global warming, energy efficiency rises as a 
cost-effective prospect. As the building sector accounts for over 
one-fifth of the total delivered energy consumed worldwide, it has 
great potential for implementing rationalization and energy 
efficiency measures. Service buildings are expected to have the 
highest growth in energy consumption when compared to 
residential buildings and are therefore the focus of this thesis.  
Energy reduction efforts for service buildings are vast; however, 
they are concentrated mostly on technological opportunities. 
Behaviour changes represent a great potential for reducing 
energy consumption without significant financial costs, but still, 
they are commonly disregarded. Hence, the present dissertation 
aims to propose a quantitative methodology to analyze 
occupants’ behaviours and their impact on energy consumption 
in service buildings. 
Results are acquired through the use of dynamic simulation, 
namely DesignBuilder software. Energy consumption due to 
behaviour is determined by simulating the occupant interactions 
with equipment, lighting and HVAC systems. To that end, three 
occupancy profiles were fixed: standard occupants’ interactions 
are defined by Decree-Law nº 79/2006; efficient occupants have 
extreme efficient behaviours leading to energy savings; 
inefficient ones lead to extreme energy waste. 
Dynamic simulation results give evidence of the occupancy 
impact on energy consumption. Efficient behaviours were able to 
reduce energy consumption by over 34%. However, regardless 
of the rigorousness of efficient behaviours, waste potential by 
inefficient occupants was always higher than saving potential. 
This result highlights the importance of understanding occupant 
behaviours and its accurate consideration of dynamic simulation 
tools. 
 palavras-chave Comportamento do ocupante; Simulação dinâmica; Edifícios do 
setor de serviços.  
resumo No atual cenário mundial, no qual diversas nações lutam contra o 
aquecimento global, a eficiência energética se destaca como uma 
opção viável. O setor de edifícios é responsável pelo consumo de 
mais de um quinto da energia total gerada, e por isso possui 
grande potencial para a implementação de medidas de 
racionalização e eficiência energética. Espera-se que os edifícios 
de serviços tenham o maior crescimento no consumo de energia 
quando comparados aos edifícios residenciais, e, portanto, são o 
foco desta tese. 
As possibilidades de redução de energia para os edifícios de 
serviços são vastas; no entanto, estas se concentram 
principalmente em oportunidades tecnológicas. As mudanças de 
comportamento representam um grande potencial para reduzir o 
consumo de energia sem custos financeiros significativos, no 
entanto ainda são geralmente desconsiderados. Dessa forma, a 
presente dissertação visa propor uma metodologia quantitativa 
para análise dos comportamentos dos ocupantes e seu impacto 
no consumo de energia em edifícios de serviços.  
Os resultados foram adquiridos através do uso da simulação 
dinâmica de edifícios, pelo software DesignBuilder. O consumo 
de energia devido ao comportamento foi determinado pela 
simulação das interações entre os ocupantes e os equipamentos, 
sistema de iluminação e de aquecimento, ar condicionado e 
ventilação. Para este fim, foram considerados três perfis de 
ocupação: o ocupante de referência teve por base as definições 
do Decreto-Lei nº 79/2006; os ocupantes eficientes possuem 
comportamentos extremos e eficientes que levam a economias 
de energia; ocupantes ineficientes causam um desperdício 
extremo de energia. 
Resultados da simulação dinâmica evidenciam o impacto da 
ocupação no consumo de energia. Comportamentos eficientes      
.          
  foram capazes de reduzir o consumo em mais de 34%. No 
entanto, independentemente do rigor dos comportamentos 
eficientes, o potencial de desperdício de energia pelos ocupantes 
ineficientes foi, em todos os casos, superior ao potencial de 
economia energética pelos ocupantes eficientes.Este resultado 
destaca a importância de compreender os comportamentos dos 
ocupantes e assegurar sua análise de forma precisa sobre as 





TABLE OF CONTENTS 
LIST OF FIGURES .......................................................................................................... IX 
LIST OF TABLES ............................................................................................................ XI 
ABBREVIATIONS .......................................................................................................... XII 
1. INTRODUCTION .........................................................................................................1 
1.1. BACKGROUND AND MOTIVATION 1 
1.2. GENERAL OBJECTIVES 4 
1.3. RESEARCH QUESTIONS AND THESIS CONTRIBUTION 4 
1.4. THESIS OUTLINE 5 
2. LITERATURE REVIEW ...............................................................................................7 
2.1. ENERGY CONSUMPTION IN NON-RESIDENTIAL BUILDINGS 7 
2.2. BUILDING TYPOLOGY 11 
2.3. OCCUPANT BEHAVIOUR 13 
2.4. EFFECT OF OCCUPANT BEHAVIOUR ON ENERGY CONSUMPTION IN BUILDINGS 16 
2.4.1. HVAC SYSTEMS ....................................................................................................18 
2.4.2. LIGHTING ...............................................................................................................20 
2.4.3. GENERIC ELECTRIC LOADS .....................................................................................21 
2.5. BUILDINGS DYNAMIC SIMULATION AND BEHAVIOUR MODELLING 22 
2.6. EPITOME 25 
3. METHODOLOGY ......................................................................................................27 
3.1. SUMMARY 27 
3.2. OBJECTIVES AND GENERAL METHODOLOGY 27 
3.3. STUDY BUILDING CHARACTERIZATION 28 
3.3.1. LOCATION ..............................................................................................................29 
3.3.2. BUILDING ACTIVITIES ..............................................................................................30 
3.3.3. CONSTRUCTIVE SOLUTIONS ....................................................................................31 
3.3.4. OPENINGS .............................................................................................................32 
3.3.5. LIGHTING ...............................................................................................................33 
3.3.6. HVAC ...................................................................................................................33 
3.4. BUILDING MODELS 34 
4. RESULTS AND DISCUSSION ..................................................................................37 
4.1. SUMMARY 37 
VIII 
 
4.2. OCCUPANTS’ INFLUENCE 37 
4.2.1. LOCATION 37 
4.2.2. SIZE 40 
4.2.3. CONSTRUCTIVE SOLUTION ......................................................................................43 
4.2.4. ENERGY EFFICIENCY CLASS ....................................................................................46 
4.3. RESULTS BY CATEGORY 48 
4.3.1. EQUIPMENT ...........................................................................................................48 
4.3.2. LIGHTING ...............................................................................................................48 
4.3.3. HVAC ...................................................................................................................49 
4.4. DISCUSSION 50 
5. CONCLUSION ..........................................................................................................55 
5.1. SUMMARY 55 
5.2. GENERAL CONCLUSIONS 55 
5.3. FUTURE RESEARCH 57 
REFERENCES ................................................................................................................59 
APPENDIX A – DYNAMIC SIMULATION RESULTS ......................................................65 





LIST OF FIGURES 
FIGURE 1: DISTRIBUTION OF NON-RESIDENTIAL BUILDING STOCK REGISTERED IN EPC 
DATABASE LABEL BY ENERGY CLASS . ............................................................................2 
FIGURE 2: HISTORICAL FINAL ENERGY USE IN THE NON-RESIDENTIAL SECTOR IN THE EU27, 
NORWAY AND SWITZERLAND. .......................................................................................7 
FIGURE 3: TERTIARY ELECTRICITY CONSUMPTION BREAKDOWN IN THE EU-27. ........................8 
FIGURE 4: THE NON-RESIDENTIAL SECTOR IN EUROPE. ........................................................12 
FIGURE 5: OCCUPANT BEHAVIOUR DETERMINANTS BY CATEGORY. ........................................15 
FIGURE 6: BUILDING MODEL REPRESENTATIONS RELATIVE TO FLOOR AREAS OF (A) 100 M² AND 
(B) 500 M². ................................................................................................................28 
FIGURE 7: SUN PATH DIAGRAM FOR AVEIRO (A) AND SALVADOR (B). .....................................29 
FIGURE 8: OCCUPANCY SCHEDULES [69]. ...........................................................................30 
FIGURE 9: ANNUAL ENERGY CONSUMPTION BY LOCATION AND OCCUPANT PROFILE. ...............38 
FIGURE 10: ENERGY SAVING POTENTIAL BY LOCATION AND OCCUPANT PROFILE, IN RELATION 
TO STANDARD OCCUPANTS. ........................................................................................39 
FIGURE 11: ENERGY CONSUMPTION BY CATEGORY, LOCATION AND OCCUPANT PROFILE, IN 
RELATION TO STANDARD OCCUPANTS. .........................................................................40 
FIGURE 12: ANNUAL ENERGY CONSUMPTION BY GROSS SIZE AND OCCUPANT PROFILE. ..........41 
FIGURE 13: ANNUAL ENERGY CONSUMPTION BY USEFUL FLOOR AREA AND OCCUPANT PROFILE.
 .................................................................................................................................41 
FIGURE 14: ENERGY SAVING POTENTIAL BY SIZE AND OCCUPANT PROFILE, IN RELATION TO 
STANDARD OCCUPANTS. .............................................................................................42 
FIGURE 15: ENERGY CONSUMPTION BY CATEGORY, SIZE AND OCCUPANT PROFILE, IN RELATION 
TO STANDARD OCCUPANTS. ........................................................................................43 
FIGURE 16: ANNUAL ENERGY CONSUMPTION BY CONSTRUCTIVE SOLUTION AND OCCUPANT 
PROFILE. ...................................................................................................................44 
FIGURE 17: ENERGY CONSUMPTION BY CATEGORY, SIZE AND OCCUPANT PROFILE, IN RELATION 
TO STANDARD OCCUPANTS. ........................................................................................45 
FIGURE 18: TOTAL ENERGY CONSUMPTION BY CONSTRUCTIVE SOLUTION AND OCCUPANT 
PROFILE. ...................................................................................................................46 
FIGURE 19: ENERGY SAVING POTENTIAL BY ENERGY EFFICIENCY CLASS AND OCCUPANT 
PROFILE, IN RELATION TO STANDARD OCCUPANTS. .......................................................47 
FIGURE 20: ENERGY CONSUMPTION BY CATEGORY, SIZE AND OCCUPANT PROFILE, IN RELATION 
TO STANDARD OCCUPANTS. ........................................................................................47 
X 
 
FIGURE 21: AVERAGE VALUES FOR ANNUAL ENERGY CONSUMPTION ACCORDING TO OCCUPANT 
PROFILE. ...................................................................................................................51 






LIST OF TABLES  
TABLE 1: DRIVING FORCES FOR ENERGY-RELATED BEHAVIOUR WITH RESPECT TO HEATING [45, 
P.20 – ADAPTED]. .......................................................................................................19 
TABLE 2: GEOGRAPHIC COORDINATES OF AVEIRO AND SALVADOR. ......................................29 
TABLE 3: SEASONS DIVISION AND AVERAGE TEMPERATURES IN DESIGNBUILDER SOFTWARE. .29 
TABLE 4: REPRESENTATIVE OCCUPANCY LEVELS AND EQUIPMENT LOADS OF OFFICE BUILDINGS 
[70]. ..........................................................................................................................30 
TABLE 5: ACTIVITY TEMPLATE OF THE BUILDING MODEL. .......................................................30 
TABLE 6: OFFICE EQUIPMENT GAIN AND SCHEDULE DUE TO OCCUPANT PROFILE. ...................31 
TABLE 7: CONSTRUCTIVE SOLUTIONS OF A WELL-INSULATED BUILDING ..................................32 
TABLE 8: CONSTRUCTIVE SOLUTIONS OF A POORLY-INSULATED BUILDING .............................32 
TABLE 9: LIGHTING SCHEDULE DUE TO OCCUPANT PROFILE ..................................................33 
TABLE 10: LIGHTING SCHEDULE DUE TO OCCUPANT PROFILE [69] .........................................33 
TABLE 11: HVAC SCHEDULE DUE TO OCCUPANT PROFILE ....................................................34 
TABLE 12: ENERGY EFFICIENCY CLASSES FOR AIR CONDITIONING [72] ..................................34 
TABLE 13: BUILDING MODELS AND ITS CHARACTERISTICS .....................................................35 
TABLE 14: ANNUAL ENERGY CONSUMPTION BREAKDOWN REGARDING LOCATION AND 
OCCUPANCY PROFILE. ................................................................................................38 
TABLE 15: ANNUAL ENERGY CONSUMPTION BREAKDOWN REGARDING SIZE AND OCCUPANCY 
PROFILES. .................................................................................................................42 
TABLE 16: DIFFERENCE IN USEFUL BUILDING AREA DUE TO A CONSTRUCTIVE SOLUTION. ........44 
TABLE 17: ANNUAL ENERGY CONSUMPTION BREAKDOWN REGARDING CONSTRUCTIVE SOLUTION 
AND OCCUPANCY PROFILES. .......................................................................................45 
TABLE 18: ANNUAL ENERGY CONSUMPTION BREAKDOWN REGARDING ENERGY EFFICIENCY 
CLASS AND OCCUPANCY PROFILES. .............................................................................46 
TABLE 19: INCREASE IN ENERGY CONSUMPTION DUE TO LIGHTING IN POORLY INSULATED 
BUILDINGS, WHEN COMPARED TO WELL-INSULATED BUILDINGS. .....................................49 
TABLE 20: ENERGY SAVINGS POTENTIAL IN RELATION TO STANDARD OCCUPANCY. .................49 
TABLE 21: ANNUAL ENERGY CONSUMPTION BREAKDOWN REGARDING END-USE CATEGORY AND 







ASHRAE – American Society of Heating, Refrigerating, and Air-Conditioning  
BPIE – Buildings Performance Institute Europe  
BPS – Building Performance Simulation 
DOE – U.S. Department of Energy 
EIA – Energy Information Administration  
EPC – Energy Performance Certificate 
EU – European Union 
GDP – Gross Domestic Product  
GHG – Greenhouse Gas 
HVAC – Heating, Ventilation, and Air-Conditioning 
LNEG – Laboratório Nacional de Energia e Geologia 
LOB – Large Office Buildings 
PTEM – Physical-Technical-Economic Model  
RCCTE – Regulamento das Características de Comportamento Térmico dos Edifícios 
RSECE – Regulamento dos Sistemas Energéticos de Climatização em Edifícios 
SOB – Small Office Buildings 
U.S. – United States 





1.1. Background and motivation 
 Energy efficiency and climate change are two of the most discussed topical issues 
all over the world. Since the Second Industrial Revolution, fossil fuels have become an 
important source of energy. In fact, coal and natural gas represent more than 60% of the 
worldwide mix of primary fuels used to generate electricity [1].  
 The burning of coal, natural gas, and oil for both electricity and heat represent the 
largest single source of global greenhouse gas (GHG) emissions [2]. Urbanization, 
population growth and the development of new technologies are some of the factors that 
increase the amount of energy required by society. According to a projection released by 
Energy Information Administration (EIA) in 2016 [1], global energy consumption is 
expected to increase by 48% between 2012 and 2040. 
 However, several nations are determined to fight global warming and are therefore 
committed to achieving climate and energy targets established in international treaties. 
For instance, EU member countries agreed, in 2010, to the Europe 2020 Strategy, which 
sets energy and climate goals to be achieved by 2020. This agreement foresees the 
reduction of GHG emissions by 20% compared to 1990 levels, 20% of the energy, on a 
consumption basis, coming from renewables and a 20% increase in energy efficiency [3]. 
In 2015, 195 countries signed the Paris Agreement during the United Nations Conference 
on Climate Change (COP21). This treaty, which will be made effective in 2020, has as its 
main goal the limitation of global warming by less than 2 ºC [4]. To achieve all of its goals, 
participating nations have been implementing new energy policies and strategies.  
 In this scenery, energy efficiency raises as a cost-effective way to reduce GHG 
emissions and improve energy supply security by reducing primary energy consumption 
and decreasing energy imports [5]. Although energy efficiency levels have improved over 
the last years, there is still a significant untapped energy efficiency potential, namely in the 
building sector [6]. Indeed, buildings offer a great potential for energy saving opportunities 
since their performance level is frequently far below current efficiency potentials [7]. 
 The building sector plays an important role in energy consumption as it accounts for 
more than one-fifth of the total delivered energy consumed worldwide and is responsible 
for approximately one-third of GHG emissions [1,7]. In some countries, like Botswana, 
Switzerland and the United States of America, this sector accounts for more than 40% of 




CO2 emissions [9] and therefore represent an increasingly important sector in terms of 
implementing rationalization and energy efficiency measures [10].  
Buildings can be broadly divided into residential and non-residential sectors. The 
second category accounts for 25% or the total building stock in Europe [9] and has the 
highest growth in energy consumption. This growth is estimated to be over 26% for 
service buildings between 2005 and 2030; in the same period, a 12% growth in the 
residential sector is expected [10].   
The analysis of buildings’ energy performance certificates (EPCs) can be among the 
most important drivers of energy performance of the European building stock. It is a 
valuable information tool that indicates the share of buildings yet to be improved in terms 
of energy performance, as shown in figure 1. EPCs shall be issued for all buildings which 
are newly constructed or undergo major renovation; all buildings sold or rented out to a 
new tenant; all buildings where a total useful floor area over 250 m² is occupied by a 
public authority and frequently visited by the public [11]. 
 
Figure 1: Distribution of non-residential building stock registered in EPC database label by energy class . 
Source: [11], p.1 
Great effort has been made in order to reduce buildings’ energy consumption. The 
number of sustainable construction projects, which consider ecological, social and 
economic aspects, is growing. In many countries, governments are already requiring all 
new constructions to use the concept of Zero Energy Buildings (ZEB), in which energy 
production in-site is equal or superior to the building energy consumption. These 




efficiency in the building. The projects must also give priority to the use of environment-
friendly materials and construction techniques [12,13]. 
However, according to the American Society of Heating, Refrigerating, and Air-
Conditioning (ASHRAE), 75% to 85% of all of the buildings that will exist in urban areas in 
2030 already exist today. Only 2% of construction projects are new constructions and over 
86% of investments in this sector go into existing buildings. Therefore, the greatest 
opportunity for overall reduction in primary energy use is by increasing energy efficiency 
of existing service buildings [14]. 
 Energy reduction efforts for existing buildings are numerous and include more 
energy efficient technologies for heating, cooling and ventilation systems, use of high-
efficiency lighting and equipment, intelligent controls, smart glazing, use of renewables, 
among other alternatives [6,8]. However, these measures are mostly technological. 
Although energy consumption in buildings is highly influenced by local climates, cultures 
and by its physical characteristics, people’s behaviour is also a major determinant of the 
energy use. Organizations usually emphasize investments in physical upgrades and new 
technologies, but behavioural changes are often necessary in order for these technologies 
to achieve their full potential [15]. Furthermore, since people operate the technologies, 
failure of the human component can fail the whole mission [8].   
 While technological opportunities are vast, through behaviour changes it is possible 
to reduce energy use and GHG emissions immediately and without significant financial 
costs [16]. Accordingly, there is an emerging interest in this topic. In fact, the World 
Business Council for Sustainable Development [17] highlights that a lot of building energy 
is wasted because of inappropriate behaviours and therefore endorses the need for 
behaviour change.  
 Over the last decades, several studies have aimed to quantify the impact of 
occupant behaviour in energy consumption. According to Hoes et al. [18], user behaviour 
can have a larger influence on a building’s energy performance than the thermal process 
within the building facade. Masoso and Grobler [8] studied the impact of poor occupant 
behaviour during non-occupied hours in office buildings. Results showed that the building 
consumed 56% of the energy outside working hours because lights and equipment were 
left on at the end of the day and because of poor zoning and controls. Dietz et al. [19] 
offer evidence that behaviour change measures can on their own lead to substantial 
reductions in energy use and related CO2 emissions. Nguyen and Aiello [20] suggested 
that careless energy consumption can result in the use of twice as much energy as the 




 Although there is an increasing number of research projects, the impact of occupant 
behaviour on energy use in service buildings and the potential for energy savings are 
usually neglected. Despite the recognition that human behaviour is an obstacle in the 
promotion of energy efficiency, there is a great difficulty in quantifying behavioural 
savings. Current modelling techniques fail to account this impact. Therefore, there is a 
critical lack of characterization and systematization of how behaviours influence energy 
consumption and how energy policies can be leveraged [6]. 
 Furthermore, interest in behavioural change reflects a growing recognition that 
technological solutions alone will not achieve energy conservation goals – policies and 
behaviour changes are also essential to achieve low-energy buildings [17]. Quantifying 
the impact of human behaviours in energy consumption is essential to determinate the 
potential of its reduction. Hence, it is imperative to understand and foresee potential 
behavioural challenges in order to achieve realistic predictions of energy consumption in 
buildings and to reduce this consumption to a minimum. 
 
1.2. General objectives 
 This thesis aims to explore the impact of human behaviour in energy savings of 
office buildings. This work aims to quantify the effective energy use reduction due to 
behaviour changes through dynamic simulation with DesingBuilder® software and data 
collection regarding service buildings’ usage patterns. Furthermore, it will be possible to 
establish which occupant behaviours represent the greatest impact on building energy use 
by simulating different scenarios and intervention arrangements. 
 
1.3. Research questions and thesis contribution 
Two main research questions were formulated: 
RQ #1 What is the potential of energy consumption reduction associated with consumer 
behaviour in service buildings? 
RQ #2 Which are the major contributing parameters to the overall reduction of energy 
consumption? 
 
The main contribution of this study is to propose a quantitative methodology to 
analyse significant occupants’ behaviours and their impact on energy consumption in 




addressed with several limitations in computational simulations. Quantitative studies 
regarding the influence of behaviours on energy consumption in service buildings are still 
very scarce and this thesis adds to the state of the art by presenting a computational 
simulation of occupants’ behaviours impacts energy consumption, assuming limit 
operation profiles. 
 Furthermore, dynamic simulation is used to identify and understand the importance 
of occupants’ behaviours determinants in the service sector, and evaluate the potential 
associated with interventions aiming energy behaviours change. This thesis also proposes 
to acknowledge which are the parameters that have a greater impact on energy 
consumption in service buildings and therefore should be the focus of potential 
interventions. This information is fundamental to justify, in a quantitative perspective, the 
promotion of energy efficiency measures in service sector buildings by acting over 
occupants’ behaviour.  
 
1.4. Thesis outline 
 This thesis is organized into five major chapters. Chapter 1 aims to provide the 
context, motivation, and main objectives and contributions of this work. State of the art is 
elaborated in Chapter 2, exploring behaviours as a challenging topic, the trends of energy 
efficiency in service buildings, and the modelling approaches of energy behaviours as a 
way of quantifying behavioural savings potential.  
Chapter 3 covers the design and implementation of the practical share of this 
dissertation, mainly through the study building characterization. This chapter also includes 
the general methodology adopted in the simulation of office buildings and the procedures 
to measure which parameters have the most influence on energy consumption.  
At Chapter 4, dynamic simulation results are provided and explored. At first, are 
discussed general results regarding the variation of the parameters established in the 
methodology. Then, detailed results are presented and examined.   
At last, Chapter 5 highlights the main conclusions of this thesis. Also, the answers to 
the research questions are summarised and suggestions for future work are outlined. 









2. LITERATURE REVIEW 
This section reviews the literature on energy consumption in non-residential buildings, 
mainly in the EU-27. It also explores the factors that affect energy consumption in 
buildings, among which the impact of occupants’ behaviour is highlighted. Regarding 
behaviours, this section also reviews the literature on what influences occupants’ 
decision-making and what drives people to behave as they do. At last, it assesses building 
dynamic simulation tools and current techniques to realistically address energy behaviour 
in the simulations.   
 
2.1. Energy consumption in non-residential buildings 
The non-residential sector is quite wide and includes private and public buildings 
used for healthcare, services and commerce. In 2010 this sector accounted for 13.2% of 
total final energy consumption in the EU-27, and 29.4% of total electricity 
consumption [21].  
 Service buildings account for a large share of Gross Domestic Product (GDP) in the 
European Union. Half of total value added is generated by this sector, and further growth 
in importance is expected during the next years. Likewise, energy consumption has a 
tendency to grow over the years. Between 1990 and 2010, final energy consumption grew 
more than 40% [21]. In the same period, electricity consumption in the service sector has 
increased by a remarkable 74% in Europe, as shown in figure 2 [9]. Globally, energy 
consumption in service sector buildings is expected to grow by an average of 1.6% per 
year from 2012 to 2040, which makes it the fastest-growing energy demand sector [1]. 
 
Figure 2: Historical final energy use in the non-residential sector in the EU27, Norway and Switzerland. 




 Understanding energy use in the non-residential sector is complex as the energy 
consumed in each building type is different; e.g., hospitals require much more energy to 
function than education or office buildings and they also require different settings 
regarding internal thermal conditions and lighting [22]. In order to understand energy end-
uses and CO2 emissions in this sector, detailed data, still very scarce, is needed. Indeed, 
finding satisfactory data regarding energy end-uses by building subsector (i.e., public 
administration, education, health, lodging, etc.) is a tough task, even in developed 
countries [10]. The European Commission published in 2012 the electricity end-use in the 
service sector in the EU-27 (figure 3) [21]. However, the report itself informs that “there is 
much less reliable data available for individual electricity end-uses in the tertiary sector 
than in the residential sector, and only a few sources attempted to divide total electricity 
consumption among different end-uses” [21].   
 
Figure 3: Tertiary electricity consumption breakdown in the EU-27. 
Source: [21], p.109 
 As seen in figure 3, service buildings generally use energy to power equipment for 
its users and work activities, and to maintain comfortable, healthy, and secure conditions. 
The range of energy end-uses in any service building typically includes some or all of the 
following: heating, cooling, hot water, fans and pumps, lighting, and other small power 




 However, one of the most significant barriers to achieving energy efficiency goals in 
service buildings is the lack of knowledge about the determining factors of real energy 
use [24]. The amount of energy needed in each building is not only related to end-user 
equipment and services, but it also depends on several factors that can be divided into 
seven categories [25]: 
1. Climate (e.g., outdoor air temperature, solar radiation, wind velocity, etc.) 
2. Building-related characteristics (e.g., type, area, orientation, etc.) 
3. User-related characteristics (e.g., user presence, etc.) 
4. Building service systems and operation (e.g., space cooling/heating, hot 
water supplying, etc.) 
5. Building occupants’ behaviour and activities 
6. Social and economic factors (e.g., degree of education, energy cost, etc.) 
7. Indoor environmental quality required 
 Among these seven categories, occupants’ behaviours indirectly influence both 
indoor environmental quality required and social and economic factors. Since the impact 
of behaviour is already contained within the fifth category, there is no need to take them 
into account when identifying the effects of the last two groups [25]. 
 Some of the categories proposed by Yu et al. [25] deserve further attention, for 
instance, the study of climate and site layout. Factors such as outdoor air temperature, 
solar radiation, and wind velocity can deeply affect the energy consumption, e.g., 
buildings located in cold climates generally have lower cooling energy demand than 
heating energy demand [25]. The building site layout also should be analysed: its 
surrounding land and climate, prevailing winds, adjacent buildings, etc. [26]. For example, 
in urban environments, adjacent constructions may shade the building and affect the 
intensity of daylight and radiation, which may change lighting and heating demands. 
 In addition, different local microclimates can also induce very different energy 
demands on buildings located in the same region, especially when comparing buildings in 
urban areas with the ones in rural areas. Urban areas usually have higher air 
temperatures and lower wind speeds due to the high building density, which reduces the 
natural ventilation potential. Yet, energy losses from the building to the environment are 
lower in urban areas, which also affect energy demands for heating and cooling [27]. 
 Another significant category is building-related characteristics, which includes 
several factors that have great influence on the building’s energy consumption. Some of 




 Building envelope and insulation: The building envelope consists of  the parts of 
a building that forms the primary thermal barrier between interior and exterior, 
including external walls, floors, roofs, ceilings, windows and doors. The envelope 
determines the energy flow rate within the internal and external environment of the 
building. Energy loss through the envelope depends on numerous factors, such as 
the construction technique, materials, design, climate, orientation, and 
geographical location. The building envelope “plays a key role in determining 
levels of comfort, natural lighting, and ventilations, and how much energy is 
required to heat and cool a building” [28] and therefore has a big impact on energy 
consumption. 
 Size: Floor space also affects energy consumption in buildings, not necessarily in 
a proportional manner. In 2016, EIA [22] released data regarding electricity 
consumption intensities in service buildings according to its areas. Results showed 
that larger buildings (over 500,000 ft²) have slightly higher energy intensity than 
smaller ones (less than 5,000 ft²). Actually, buildings with floor spaces between 
10,000 ft² and 25,000 ft² are the ones with the lowest energy intensity.   
 Age of the building: Nowadays there is a very quick development of new 
technologies related to building energy efficiency. When buildings are constructed 
or renovated, all parts of the building and the construction process reveal 
opportunities to improve energy efficiency [28]. Therefore, newer buildings have, 
overall, better performances regarding energy use, since they tend to have a more 
efficient envelope and systems. 
 Shape and orientation: The shape of the building can have a significant influence 
on the need for heating, and so does the building orientation. The optimum shape 
is one that transmits the least amount of heat from the interior to the outside during 
winter season and admits the minimum amount of solar radiation during 
summer [24]. The building orientation can “provide reductions to cooling loads 
through minimizing solar penetration through windows, minimizing solar absorption 
through walls and roofs, and by maximizing cross ventilation” [29]. 
 Despite the complexity of these seven categories, it is possible to analyse and 
quantify the separate and combined influence of the first four on building energy 
consumption via dynamic simulation. Current simulation software has  a wide variety of 





 Regarding the buildings’ energy performance and their environmental impacts, 
“there is a tendency to focus on the efficiency of the building geometry and shape, 
building materials and their thermo-physical characteristics, and on building systems” [24]. 
However, the occupant behaviour is also a category that demands attention but is still 
precariously considered in simulations. As previously stated [18-20], it is a known fact that 
behaviour accounts for a great influence on energy consumption. Occupants are 
responsible for controlling equipment and systems that account for the massive energy 
consumption in service buildings, such as lighting and HVAC systems [30,31]. However, 
as this category involves complex factors and interactions, it is commonly neglected or 
poorly addressed in simulations. Hence, the following sections of this thesis explore the 
complexity of human behaviours and their effects on energy consumption in service 
buildings.  
 
2.2. Building typology 
The diversity in terms of typology within the non-residential sector is vast [9]. 
Buildings are usually classified according to their function, structural system or building 
materials. There are several ways of classifying buildings, depending on the nature of the 
study and the purpose of the classification. Although some European countries use the 
same typology for residential buildings, records of non-residential buildings typologies are 
diverse and hard to compare [9,32]. 
Setting up a uniform typology for the non-residential sector is a complex task 
because of the broad variety of uses and associated characteristics. There is no 
homogeneity in terms of size, usage pattern and construction style. In addition to this, 
some buildings have multiple functions and are harder to classify [9,32]. 
In general, four main parameters are taken into consideration: the utilization of the 
building (operational patterns, requirements), the year of construction, the size of the 
building, and the technical building equipment. 
The report “Europe’s Buildings under the Microscope”, published by Buildings 
Performance Institute Europe (BPIE) [9] gathered data from several countries to create a 
building categorization at a European level. Figure 3 reveals the considered categories as 
well as their share. In each one, a broad division between various subcategories has been 
taken into account. 
The retail and wholesale buildings account for the largest portion of the non-




educational buildings account for 40% of the non-residential floor space and usually have 
similar heating and cooling conditions to residential buildings but with shorter use. 
 
Figure 4: The non-residential sector in Europe. 
Source: [9], p.33 
 The large percentage of the category “other” probably indicates that further effort is 
required to separate this floor area in one or more categories. However, “as a vast 
number of building types should be avoided, it has to be examined to what extend sub-
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maintenance, hair dresser, laundry, service stations (in gas 
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and other administrative buildings, post offices. 
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categories have to be set up and which additional parameters (size, technical equipment) 
are the most determining for each of the sub-categories” [9,32].  
 
2.3. Occupant behaviour  
  Behaviour is the way in which one acts or conducts oneself. It involves people’s 
response to internal and/or external stimuli under certain conditions. For example, when 
feeling too warm (internal stimulus), a regular response may be to open a window or to 
turn a thermostat down. Responding to an external stimulus would be closing the window 
blinds to avoid glare [33]. In other words, external stimuli correspond to extrinsic variables 
to the occupant (e.g., air temperature, wind speed), while internal stimuli depend of 
personal characteristics (e.g., personal background, attitudes, preferences) [34]. 
 Addressing human behaviour is a complex task as it involves a great number of 
interacting factors crossing different disciplines [6,34]. Many causes influence occupant 
behaviour and, furthermore, energy consumption patterns involve both technical and 
social topics. Consequently, such phenomenon must be analysed from both engineering 
and social science perspectives to be completely understood [24].  
 From a social science point of view, Kahneman [35] suggests that two agents, which 
produce fast and slow thinking, characterize the decision-making. He argues that human’s 
behaviour is guided by fast thinking, i.e., actions that are “fast, automatic, effortless, 
associative and often emotionally charged; they are also governed by habit and are 
therefore difficult to control or modify” [35]. Slow thinking is effortful and has less impact 
on behaviours since it is used only in situations that require attention and are disrupted 
when attention is drawn away – i.e. monitoring the appropriateness of behaviour in a 
social situation or filling out a tax form [35]. 
 The psychology of behavioural change is a very important topic, which needs further 
examination in the context of energy consumption. As people usually prefer to operate in 
autopilot mode, behaviour changes are difficult, once they require effort, deliberation and 
time. Accordingly, behaviour change measures can only succeed if they “revolve around 
the realities of individual human cognition and why people behave as they do” [16]. 
Young [36] categorized and evaluated different behavioural changes techniques. The 
results show that informational prompting is untrustworthy and nondurable and providing 
material incentives can initiate rapid changes in conservation behaviour, but the results 
are also nondurable. Techniques that employ social pressure and material disincentives 




time creating a negative psychological resistance from individuals. Commitment 
techniques encouraging occupants to adopt certain behaviours for a specific amount of 
time were found to be the most durable and effective. However, securing individual 
commitment has proven to be difficult to accomplish [36].  
 Engineering research on energy use has been mainly focused on the physical-
technical-economic model (PTEM), in which users are considered merely occupants of 
buildings and their behaviours are secondary to building thermodynamics and energy 
performance. Their patterns of energy and equipment use are generally mimicked in a 
very static way considering they are statistically assumed [6,18]. Nevertheless, this model 
recognizes the importance of occupant behaviour and considers that it plays a significant 
role in long-term energy use. However, this role is mainly due to the expectation of 
investment in more efficient building equipment and systems, since the PTEM approaches 
energy efficiency from the perspective that new technologies are the only driver of greater 
efficiencies [6, 37]. 
 The success of PTEM follows where technologies are proven and users are rational. 
Inadequate technical expertise or irrational individual behaviour can lead to a failure or 
significant delay in achieving success [37]. This model allows the quantification of energy 
reductions through the use of more efficient equipment, but as occupants’ behaviour 
varies, this quantification is not necessarily accurate. Indeed, people’s behaviour is 
conditioned by personal background and experiences and, therefore, occupants react 
differently when subjected to the same environmental conditions in buildings, depending 
on their personal characteristics [38]. 
 Over the last decades, engineering and social science researchers about human 
behaviour have progressed relatively independently. However, it has been recently 
realized that “to overtake the gap of knowledge about the human behaviour related to the 
building control systems, these two perspectives must be integrated to form a single and 
coherent view of energy use” [24]. As consequence, in the recent years, research related 
to energy and environmental performance of buildings is increasingly focused on human-
centred concerns. Studies regarding occupant behaviour and energy consumption are 
now exploring occupants’ preferences, attitudes, and cultural background to explain the 
complex combination of cognitions and actions that influence the occupant to do an 
action [24]. 
 Concerning the building science area, occupant behaviour related to building control 
systems is mainly connected to indoor and outdoor thermal conditions, i.e., the external 




frequently related to the internal stimuli [34]. The building operational performance is 
associated with behavioural patterns both at the individual (e.g., technology use) and 
organizational levels (e.g., purchasing and infrastructure decisions) [33]. 
 Nonetheless, in the end, both external and internal factors are drivers which lead to 
a reaction of the building occupant thus affecting energy consumption. Indeed, regarding 
indoor environmental quality, the occupant reacts in a conscious or unconscious manner 
to an internal or external stimulus to improve, restore or maintain the comfort conditions. 
Thus, “the occupant becomes the central operator in control of the energy 
consumption” [34]. The factors which drive occupants’ behaviours can be divided into five 
groups: physical environmental factors, contextual factors, psychological factors, 
physiological factors and social factors, as explained in figure 5 [34]. 
 
Figure 5: Occupant behaviour determinants by category. 
Source: [34] 
•Includes factors such as temperature, humidity, air velocity, 
noise, illumination, and odour. 
Physical 
environmental  
•Contextual factors are determined by the context and have 
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system type, etc. 
Contextual 
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Psychological 
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 These factors, however, are restricted to the field or physical environmental 
sciences, as they only consider the perceived environment. The connection with the 
environmental education and social sciences is not described and it can drive different 
behaviours. For instance, there are people who ventilate by opening the windows every 
day for a certain amount of time, regardless of the environmental conditions, due to 
concerns about health effects of poor indoor air quality. This conduct is based on 
knowledge and/or education, not on perception, past experiences, or PTEM variables [34]. 
 This thesis focuses on actions motivated by indoor environmental quality, where 
occupants act to achieve comfort conditions, once these actions are those with a direct 
effect on energy consumption [10]. 
 When stimulated by a driver or a combination of them, the occupant tends to react 
to restore comfortable conditions. There are several possibilities for the occupant to 
control the indoor environment. The control related actions can be divided into three 
categories:  
1. Changes which alter the environment to make it more comfortable (e.g., 
adjust the heating set-point, open/close a window; turn lights on/off, etc.); 
2. Changes which adapt the occupant to the prevailing environment (e.g., adjust 
clothing, consuming hot or cold drinks, etc.); 
3. Actions which influence the indoor environment indirectly (actions related to 
the chance of internal heat gains/energy use, e.g., use of hot water and use of 
appliances and equipment such as TV, refrigerator, etc.). 
 This thesis focuses on the exploration of the first set of actions, for they are the ones 
most directly related to energy consumption in service buildings. 
 
2.4. Effect of occupant behaviour on energy consumption in buildings 
 So far, the influence of the building occupants’ behaviour on energy consumption 
has already been stated. Energy consumption in buildings can vary even when systems 
are identical, suggesting that consumption is not only related to the physical 
characteristics of the building and installed HVAC equipment. In fact, the actual amount of 
energy used in buildings is often different from the calculated or expected use [39]. Large 
discrepancies between predicted and actual building energy performances are commonly 
observed, typically averaging around 30% and reaching as high as 100% in some cases 
[40]. Maier et al. [41] investigated 22 identical houses over 2 years. Their results showed 




the houses were identical, the discrepancy in heating consumption between the houses 
was associated with occupants’ behaviour. 
 The presence of occupants alone is already responsible for changes in the internal 
environment of the buildings because of the bodies’ heat transfer [10]. However, the most 
significant impact on energy consumption is related to the way occupants interact with the 
building in order to have comfortable internal environmental conditions. 
  Behaviours considered relevant to buildings occur at many levels, from individual to 
institutional. The everyday uses of space and equipment significantly affect the building’s 
overall performance. Occupants affect the energy consumption by controlling the 
building’s internal conditions, such as lighting, ventilation, temperature, etc. [33]. In 
addition to behaviour due to the individual’s personal characteristics, behaviour in service 
buildings is also related to the differing roles, schedules, social interactions, personal 
context, among other variables [16]. 
 Over the last decades, several research projects tried to quantify the impact of 
occupants’ behaviour in a building’s total energy consumption. Bonte et al. [38] found out 
that the impact of occupant actions leads to a variation of the relative standard deviation 
higher than 45% and that these actions have a more significant impact on buildings under 
a warmer climate. After simulating different behaviours related to operation and control of 
energy service systems of private offices, Hong and Lin [42] concluded that an austere 
work style could save up to 50% of energy consumption. Clevenger and Haymaker [43] 
studied the impact of uncertainties regarding the behaviour of building occupants on 
energy modelling simulations. Their results show that predicted energy consumption 
changes by more than 150% from lower to higher values established by experts as 
representative of “typical” occupant behaviour.  
 Therefore, users’ behaviour is clearly a key factor to achieve energy efficiency 
goals. Nowadays energy consumption must be reduced to the minimum possible amount 
due to resources shortage and climate changes, and therefore the understanding and 
quantifying of occupants’ behaviours impact on energy consumption in buildings have 
become imperative [10]. 
 To quantify such impact, several studies [24,31,39] have tried to relate occupants’ 
behaviour and environment control systems in order to establish patterns regarding 
opening/closing windows, on/off the heating systems, etc. and its relation with internal and 
external climate conditions [10]. Some of the key building operations which can directly 




 Heating, Ventilation and Air Conditioning (HVAC); 
 Lighting; 
 Generic electric loads. 
 According to Wang et al. [31], while still maintaining the same level of indoor thermal 
comfort, various operation practices for buildings may result in significantly different 
energy consumption levels. Their results show the level of uncertainty associated with the 
use of a building’s HVAC system (-15.8% to 70.3%), plug load (- 11.3% to 7.0%), and 
lighting (-5.8% to 9.0%), due to different employee behaviours. However, the proportional 
influence of end-uses is not the same for every building and “identifying which end-users 
have the greatest potential for savings is a first step to changing the behavioural impact in 
a building” [31]. The following subsections explore behaviour drivers and patterns of the 
three key processes in buildings referred above. 
 
2.4.1. HVAC systems 
 Heating, ventilation and air conditioning (HVAC) systems are among the largest 
energy consumers in buildings. Almost 50% of the energy demand is used to support 
indoor thermal comfort conditions in service buildings. In Australia and the Middle East, 
more than 70% of the energy consumption in non-residential buildings is due to HVAC 
systems. In Europe, this value drops to 40% [44]. The energy consumed by HVAC 
systems depends not only on its performance and operational parameters but also on the 
decisions of its users. Inefficient operation and maintenance of an HVAC system can lead 
to great energy wastage, poor indoor air quality and even environmental damage. 
Accordingly, energy optimization of HVAC systems is very important to achieve energy 
efficiency in buildings [40].  
 Individual user behaviour can affect HVAC systems through the adjustment of 
thermostats in workspaces, inefficient operation of windows and doors, overriding heating 
timer settings, leaving blinds open at night, leaving ventilation fans on, etc. [23]. ]. In short, 
energy consumption due to heating and cooling is related to temperature set point, a 
number of heated/cooled rooms, and heating/cooling duration and frequency of use and 
cross effects associate to contradictory control (e.g., natural over ventilation while 
heating). These factors can vary among users and may have different levels of 
importance. A summary of the driving forces for energy-related behaviour with respect to 





Table 1: Driving forces for energy-related behaviour with respect to heating [45, p.20 – adapted]. 
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 The heating and cooling behaviour is also deeply influenced by the weather. 
Buildings located in cold climates induce a greater use of heating and have less cooling 
demand. On the other hand, when located in warm climates, there is less need for 
heating, but cooling demand increases [46].  
 Energy-efficient HVAC systems can be achieved by new configurations of traditional 
systems to make a better use of their existing parts [44]. Therefore, a way of reducing 
HVAC systems’ energy demand is by establishing temperature settings which are efficient 
and provide energy savings, but without deeply affecting comfortable conditions. A study 
conducted by Brown et al. [47] showed that small reductions of the default temperature 
seem to have more effect on energy consumption than larger ones. If the reduction in 
default temperature is too large (i.e., 20 ºC to 17 ºC), occupants tend to manually increase 
their temperature settings, while with a small reduction (i.e., 20 ºC to 19 ºC), occupants 
did not modify the default.  
 Window operation is one of the most influential occupants’ behaviours regarding 
HVAC systems, once it has crucial effects on indoor climate and energy consumption due 
to natural ventilation and infiltrations [30]. Generally, in temperate climates, windows are 
the most usual thermal control and ventilation device. Opening windows allows natural 
ventilation and can promote energy savings in warmer seasons by reducing the need for 
air conditioning and mechanical ventilation systems. For selected locations, namely in 
small cities and in the suburbs of large cities, it can also provide a healthier and more 




 Several researchers explore human behaviour regarding opening/closing windows. 
Warren and Parkins [48] verified that exterior air temperature is responsible for 76% of 
interactions between occupants and windows. Solar gains (8%) and wind velocity (4%) 
are also factors that influence occupants’ behaviours in this matter. They also found out 
that fresh air is the most common reason for opening windows in both winter (51%) and 
summer (74%). After studying the occupants’ behaviour in several buildings in various 
countries, Nicol [49] discovered that occupants tend to open windows when external 
temperatures were over 10 ºC. The higher the external temperature, the greater the 
probability of opening windows. Roetzel et al. [50] reported an inverse linear correlation 
between wind velocity and window opening, evidencing that wind is a driver for closing 
windows. Wind direction, solar radiation, rainfall and weather season are also factors 
which influence users’ behaviour regarding windows [34]. 
 
2.4.2. Lighting 
 Artificial lighting load represents up to 30% of overall building energy 
consumption [31]. Advanced lighting control is one of the most effective measures for 
energy efficiency. According to Williams et al. [51], multiple control strategies including the 
use of technological solutions along with behaviours changes can lead up to 40% savings. 
Tzempelikos [52] studied the impact of manual light switching on lighting energy 
consumption in a typical office building and concluded that energy savings can reach up 
to 57% for perimeter zones and 45% for interior darker zones, resulting in area-average 
savings of 50% for the entire floor. 
 Automated systems can turn off or dim lights at a lower level when the available 
natural light on the workspace exceeds a pre-determined target value. However, 
occupants tend to override these systems and change their luminous environment with no 
specific pattern. Switching behaviours depend mostly on the available daylight, time of the 
day, type of electric lighting, type of switch and location relative to the closest window [52].  
 Users can affect the energy consumption by lighting by leaving lights on when not 
needed, overriding automatic controls and/or not making use of task lighting or daylighting 
[23]. Per Hunt [53], occupants are more likely to switch on the lights when illuminance 
levels are less than 100 lx. Pigg et al. [54] found a strong relationship between the 
propensity of switching the lights off and the length of absence from the room, stating that 
occupants are more likely to switch off the lights when leaving the room for long periods.  
 Shades and blinds affect daylight availability and lighting behaviours. Occupants 




deployed until the end of the working day or until visual conditions become 
intolerable [55]. Increasing the available daylight usually leads occupants to use less 
electric light, reducing the total energy consumption. Increasing natural lighting can also 
improve occupants’ mood, performance and well-being.  
 Regarding default lighting settings, the initial setting influence the occupants' lighting 
choices. More specifically, they are more likely to keep the original default settings if it has 
simulated daylight [56]. According to Boyce et al. [57], occupants can tolerate deviations 
from their preferences within a limited range of their desired standards. This range can 
vary from one user to another, but their results suggest that is greater than 100 lx. 
 
2.4.3. Generic electric loads 
 Any device that plugs into wall outlets distributed throughout a building is a plug 
load [58]. Plug loads can account for up to 50% of the general energy consumption 
depending on the building type and attributes [59]. Regarding office buildings, they are 
responsible for an average 9% but as much as 28% depending on the nature of the 
work [58]. Improving practices regarding plug loads can have an expressively effect on the 
building energy consumption. There are two common ways to save energy from plug 
loads: the first is to replace the company’s appliances with more efficient ones, and the 
second is through users’ behaviour changes to control them more efficiently.  
 According to the New Buildings Institute, there are five steps to achieve more 
efficient energy use regarding plug load in offices: reviewing, removing, replacing, 
reducing, and retraining. Reviewing consists in identifying office equipment and focusing 
on devices which use the most energy. Removing means to eliminate or unplug 
unnecessary devices. Then, when it is time to replace them, the most energy-efficient 
devices for the job should be chosen. The fourth step (reducing) involves technological 
solutions and behavioural changes to turn off equipment or power it down when not in 
use. The last step targets the occupants and consists in retraining the staff to make sure 
they understand why, when and how to power down the equipment [60].  
 Users can affect energy consumption by leaving equipment on when not needed, 
not making use of sleep/hibernate software functions, etc. [23]. In fact, turning equipment 
off when they are not needed (i.e., at night and during lunch breaks and weekends) can 
significantly reduce energy use, see Wang et al. [30]. Sustainable occupant behaviours 
can lead up to a 40% plug load energy saving [59].  
 However, changing occupants’ behaviours in this matter can be quite difficult and 




energy through three primary approaches, in which two included behavioural change and 
the third one was by an automated energy management system that turned off equipment 
when a pod was unoccupied for more than 15 minutes. While the control system resulted 
in almost 45% of energy savings, behavioural change techniques accounted for less than 
15%. Webber et al. [61] also explored occupant behaviour regarding plug loads and found 
out that turn-off rate during non-working hours “vary widely over the types of office 
equipment, from 0 percent (for fax machines) to 75 percent (for wide-format printers). For 
most equipment types, turn-off rates are under 50 percent” [61].  
 
2.5. Buildings dynamic simulation and behaviour modelling 
 Building performance simulation (BPS) calculates the thermal loads and energy use 
of residential and service buildings. Simulation allows for the acceleration of design 
process and an increase of efficiency; it also enables the comparison of a wider range of 
design variants, leading to more optimal designs. Through simulation, it is possible to 
have a better understanding of the consequences of design decisions [62]. Therefore, the 
BPS has become an important method of assessment during the design process and in 
the renovation of existing buildings to predict energy use based on the building ’s physical 
characteristics and usage patterns [63]. The importance of energy simulation is increasing 
with the tendency of more complex building designs and higher performance requirements 
on sustainability [18]. 
 Building energy models have been around since the early 1980s. The first software 
developed to calculate energy use in buildings was based on oversimplified methods, in 
which mathematic formulations were elementary and characterized by lots of simplified 
suppositions. Nowadays, computational technologies have allowed the development of 
improved methods, which can simulate several variables simultaneously and with no need 
for simplified suppositions [10]. Besides the energy consumption, simulation software 
tools can be used to calculate indoor temperatures, needs for heating and cooling, levels 
of ventilation, consumption needs of HVAC systems, the interior comfort of occupants, 
etc. [64]. With the simulation results, architects and building service engineers can predict 
the building’s energy usage and make decisions to achieve energy efficiency goals and 
measure environmental impacts and costs involved.  
 There are many simulation software tools available today with different complexity 
levels, different characteristics and specific applications [10,64]. Nevertheless, even the 




consumption, once “the simulation is a theoretical representation of the status and 
operation of a building” [65]. The accuracy of energy modelling simulations ranges from 
±10% to 40% for non-residential models [43].  
 Current dynamic simulation tools focus on the influence of variables such as climate, 
construction characteristics, systems and equipment. These variables added to operating 
hours and maintenance may alter the building performance. For instance, the accuracy of 
the climate characteristics considered in the simulation depends on the certainty of the 
available meteorological data [10]. 
The behaviour of the building’s occupants can also have a significant impact on 
energy consumption, but it is not yet accurately addressed in simulations. Although it is 
considered that “over the last forty years thermal processes in building energy 
performance simulation have been brought to perfection (…), user behaviour has a much 
larger influence on the energy performance of a building than the thermal process within 
the building façade” [18]. 
 The simple presence of individuals can affect energy demand: an unoccupied 
building requires little or no energy; on the other hand when occupied, a great amount of 
energy is necessary to ensure comfortable conditions for its occupants regarding 
temperature, lighting, ventilation, etc. [10]. Occupants affect the building energy use 
through the temperature set points, heating/cooling schedules, etc., and it may differ from 
the software predictions [10,62]. A vast number of multidisciplinary studies provide 
valuable insights into the circumstances and potential triggers of occupancy control 
actions in buildings. However, integrative modelling approaches, that consider all relevant 
aspects of energy behaviours while finding a balance between disciplines, are not yet 
mature [6]. 
 The complexity of human behaviour hinders that simulation tools achieve more 
accurate results. If exposed to the exact same conditions a number of times, the occupant 
will not react in the exact same manner every time and therefore when addressing 
behaviours there are always elements of randomness [45]. Also, comfortable conditions 
are not the same for every occupant and these individual differences create an obstacle 
for modelling occupant behaviours in buildings. Thus, occupants’ behaviours are one of 
the most significant sources of uncertainty in the prediction of energy use by simulation 
programs [10,42].  
 Building simulation tools are based on deterministic (fully predictable and 




represented in terms of static schedules or predefined rules (e.g., the window always 
open if the indoor temperature exceeds a certain limit) [65,66]. In such way, an occupant 
behaviour simulation could refer to a computer simulation generating fixed occupant 
schedules, representing a fictional behaviour of a building occupant over the course of a 
single day. Usually, in simulation programs the occupant behaviour is not specifically 
addressed, but only modelled by means of its effect (e.g., the infiltration rate may be 
modelled as a fixed value that does not vary over time, with the assumption that 
occupants will open/close windows in a way to always meet the established target)  [45]. 
This simplification does not properly model the real influence of occupant behaviour on 
the building’s energy consumption and indoor environment [66] and therefore is an 
important limitation of energy simulation tools [65]. In fact, Hoes et al. [18] conducted a 
study on the effects of occupant behaviour on the simulated energy performance of 
buildings and concluded that the simple approach used nowadays for design 
assessments applying numerical tools are inadequate for buildings that have close 
interactions with the occupants. 
 In the meantime, building energy codes and targets are increasingly stringent and 
therefore any source of uncertainty should be surpassed [67]. To ensure more realistic 
simulations, some of the existing energy modelling programs allow the integration of 
occupant behaviour models. According to Yan et al. [66], four main approaches have 
been used to include occupant behaviour in current BPS programs. 
1. User-defined profiles and rules: Allow users to define and input temporal 
schedules of thermostat settings, occupants, lighting use, plug-loads, and HVAC 
systems operation. It is also possible to include specified deterministic rules 
regarding building operation (e.g., windows will be open if indoor temperature is 
higher than a chosen value). Although this approach is easy to use, it has some 
limitations due to lack of flexibility and simplification of real individual behaviours.  
2. User customized code: The user can write a custom code to implement new or 
overwrite existing building operations and supervisory controls. This approach 
allows more flexibility but requires advanced user experience and deep knowledge 
of a specific simulation software. 
3. User customized tools: Users can implement occupant behaviour models by 
adding new codes and recompiling the simulation program. This approach also 





4. Co-simulation: Allows different simulation tools to run simultaneously and 
exchange information in a collaborative manner. The integration of BPS programs 
with behaviour software tools may be able to consider the impacts of occupant 
behaviours in a more realistic way. However, most BPS programs do not support 
co-simulation yet and only a few advanced users have started using this approach 
integrating a separate software module of behaviour models with EnergyPlus.  
 Numerous researchers have tried to model occupant behaviours in BPS based on 
field studies and/or experiments. A particular effort has been done on occupancy 
modelling (occupant presence), window-opening, light-switching, and clothing level 
adjustments as a function of one or more environmental variables. However, after 
studying current behaviour models and the contextual factors which influence occupants’ 
behaviours, O’Brien and Gunay [67] concluded that various influential factors are largely 
neglected (i.e., availability and accessibility of personal control, interior design, visibility of 
energy use, occupancy patterns and social constraints, etc.). They justify this recurrent 
flaw by highlighting the difficulty of measuring or quantifying behaviours, possible 
misunderstanding of behaviour triggers, and also the elevated cost of observational 
studies. 
 Nevertheless, even if occupant behaviour models were already established, there 
are several challenges in implementing them in BPS tools, once they do not allow the 
input detailed information and its influence on behaviours. For example, variables such as 
visual, thermal, and acoustic comfort can trigger a different behaviour from the one 
adopted for the simulation and yet they are either poorly addressed or simply not 
incorporated into most BPS tools. Furthermore, the diversity of occupant behaviour is yet 
another obstacle for its precise modelling and integration in simulation software. It is 
important to ensure that building design and operation do not consider only identical 
occupants to achieve more accurate results [67]. 
 Despite the shortcomings of building simulation, BPS tools have experienced a 
substantial growth in the last decades. A lot of research is being made in this field, 
especially about modelling occupants’ behaviour. Since simulating human behaviour is a 
complex task, more extensive and long-term studies are needed to obtain more realistic 
behaviour models regarding energy use [10,68]. 
2.6. Epitome 
Occupants’ behaviours have a significant influence on energy consumption in 




almost impossible to be accurately predicted, once the behaviour is associated with 
several factors that cannot be measured, such as psychological and physiological 
characteristics. It is common to focus on the energy efficiency of the buildings’ 
constructive features, but the importance of considering occupant behaviour has already 
been stated [34]. Thus, extensive research has been made regarding energy behaviour in 
different fields (e.g., engineering, economics, sociology)  with particular frameworks.  
Also, energy consumption may vary depending on the building typology and 
physical characteristics. Therefore, the lack of an information pattern among different 
countries regarding service buildings creates another obstacle for characterizing the 
influence of occupant behaviours in buildings’ energy consumption. Records of building 
typologies and characteristics, energy end use, etc., are diverse and hard to compare and 
recent studies attempts in this matter have yet a long way to go [9,32]. 
In summary, energy behaviours are complex and influenced by a wide range of 
variables which have not yet been fully understood. “Integrative studies are needed in 
order to provide a comprehensive understanding of energy usage behaviours, including 
the social, economic, technological, institutional, infrastructural and individual dimensions 
of energy behaviours, as well as their complex relations” [6].   
Building Performance Simulation (BPS) tools have become indispensable to predict 
energy use during the design of new buildings and renovation of the existing ones. 
Although most of current BPS tools provide accurate results when considering the 
buildings’ physical characteristics, the simulation is not yet realistic when considering 
occupants’ behaviours. Most BPS tools address behaviours as static schedules and 
assume that all occupants repeat the same actions under certain circumstances, which 
has already proven not to be true.  
The limitations of building dynamic simulations regarding human behaviours are well 
known and several studies aim to overcome such obstacles. Occupant behaviour models 
have not yet been established and BPS tools do not enable the consideration of several 
fundamental variables which influence human behaviours, such as physiological, 
psychological and social factors. Therefore, one of the main challenges nowadays is to be 
able to accurately simulate a building’s energy performance with current tools and to 





3.1. Summary  
This chapter aims to describe the general methodology adopted in the simulation of 
office buildings, followed by the characterization of the building model on which the 
simulations will be carried out, as well as all parameters considered in the simulations. 
This section also addresses the methodology used to measure which parameters have 
the most influence on energy consumption for this type of building. 
 
3.2. Objectives and general methodology 
The methodology proposed in this thesis is based on the building dynamics 
simulation considering extreme operation profiles, representing limit energy behaviours of 
service buildings occupants using DesignBuilder software. The main objective is to 
evaluate the impact of occupants’ behaviours on energy consumption of office buildings 
as well as to identify which parameters are responsible for the most significant impact on 
the building energy consumption.  
In order to achieve a large variability of results, five main factors were considered 
and combined in the methodology:  
1. Occupant profile: Three scenarios considering how occupants behave regarding 
energy and equipment usage. 
2. Location: Two different geographical locations and climates. 
3. Size: Two sizes of buildings in order to evaluate the influence of scale. 
4. Constructive solution: Two constructive solution levels regarding thermal 
insulation.  
5. Building’s energy efficiency: Two levels of energy efficiency in HVAC systems to 
assess the influence of technology. 
Occupant behaviours were characterized by three representative scenarios. The 
first scenario corresponds to the reference occupant, which is intended to be 
representative of the average energy behaviour. In the second scenario, extreme efficient 
behaviours leading to energy savings are considered. The third and last scenario involves 
limit inefficient behaviours, which lead to extreme energy waste. Occupants’ behaviours 
were addressed in terms of their influence in HVAC systems, lighting and generic electric 
loads once they are the key building operations that can directly affect the building 




As previously discussed, energy consumption in office buildings may vary 
depending on their size, geographical location, local climate, etc. Thus, two building sizes 
were considered: 500 m² and 100 m². Two locations were chosen based on their climate 
zones: Portugal, representing temperate climates and Brazil for tropical climates.    
Regarding the building’s constructive solutions, a few parameters were chosen in 
order to achieve desirable U values. In order to characterize equipment’s energy, the 
EPCs standards were taken into account and two categories were designed: one in which 
all equipment is equivalent to category A++, and a second one equivalent to category D. 
Other data necessary to energy simulations are specified in the remaining sections 
of this chapter. So that the energy performance of this building type could be 
characterized, information from several sources was combined in order to gather the 
inputs which would be necessary for the simulation.  
  
3.3. Study building characterization  
This thesis aims to study the energy consumption in office buildings under different 
circumstances and so several variables were considered. Therefore, the structures of the 
buildings were simplified and a quadrangular geometry was adopted so that the building 
orientation would not interfere with the results. The building models are displayed in 
figure 6, where “a” comprehends a building with a gross area of 100 m² (small office 
buildings – SOB) and “b”, 500 m² (large office building – LOBs). Total useful building floor 
area depends on the wall thickness; hence it varied depending on the adopted 
constructive solution.  
 
Figure 6: Building model representations relative to floor areas of (a) 100 m² and (b) 500 m². 
The reason why the design is not complex is the necessity of making the simulations 
simpler and more concise, focusing the analysis on the relevant entrance data, which 





As previously described, building models were developed in two locations to 
evaluate the influence of different climates in energy consumption. Aveiro, Portugal, 
represents temperate climates and Salvador, Brazil, was chosen to represent tropical 
climates. Table 2 shows their geographical location. 
Table 2: Geographic coordinates of Aveiro and Salvador. 
Location Latitude Longitude 
Aveiro 40º38’39’’ N 8º38’43’’ W 
Salvador 12º58’15’’ S 38º30’38” W 
 
Latitude influences natural lighting and HVAC necessity. Since locations differ, so 
does the sun path diagram, as exposed in figure 7 for Aveiro (a) and Salvador (b). This 
diagram is used in the calculation of natural illuminance. 
 
Figure 7: Sun path diagram for Aveiro (a) and Salvador (b). 
A great amount of other information is needed in order to achieve adequate results 
in dynamic simulations, such as temperatures, seasons, and solar azimuth. DesignBuilder 
already has a location template for Salvador, which has all the necessary information and 
therefore was adopted with no changes. Aveiro, however, did not have a fixed template, 
so one was created from weather data available at the software SCE-CLIMAS1. Relevant 
data considered at DesignBuilder regarding temperatures and seasons are indicated in 
table 3. 
Table 3: Seasons division and average temperatures in DesignBuilder software. 
 Season Aveiro Salvador 
Months 
Winter October - March April - September 
Summer April - September October - March 
Average 
temperature [ºC] 
Winter 14.16 25.03 
Summer 25.52 26.77 
                                            
1
 Software that contains data regarding weather statistics and reference year to perform dynamic 




3.3.2. Building activities 
In DesignBuilder, activity level was defined by a template in which data regarding 
the building utilization was inputted. Occupancy levels and schedule, equipment usage 
and lighting levels are defined by Decree-Law nº 79/2006 [69] as shown in table 4 and 
figure 8. 
Table 4: Representative occupancy levels and equipment loads of office buildings [70]. 
Parameter Density 
Occupancy 15 m² people
-1 




Figure 8: Occupancy schedules [69]. 
Table 5 brings other inputs to the building model. DesignBuilder already offers pre-
defined templates and some of the proposed data was adopted. Minimum fresh air value 
was considered according to ASHRAE standards [70]. 
Table 5: Activity template of the building model. 
Parameter SOB LOB 
Activity template Generic office area 





Schedule Decree-Law nº 79/2006 (figure 7) 
Metabolic Activity Light office work 
Environmental Control 
Heating setpoint [ºC] 20.0 
Cooling setpoint [ºC] 25.0 









] Occupant profile (table 4) 




 The occupancy and office equipment usage schedules depend on the occupant 
profile, as shown in Table 6. Reference occupant was characterized as the one who 
follows the schedules defined by Decree-Law nº 79/2006. Efficient occupants reduce 
equipment loads by improving its performance. Inefficient occupants switch on all 
equipment at the beginning of the day and only turn them down after working hours.  
 Putting a computer in energy economy mode reduces its power consumption by 
making optimum use of the energy-saving potential. According to Reis [10], this potential 
is up to 26%. Therefore, for efficient occupants, an equipment gain of 11 W m-2 was 
considered. 
Table 6: Office equipment gain and schedule due to occupant profile. 
Occupant Profile Gain [W m
-2








3.3.3. Constructive solutions 
Two different constructive solutions were considered in this study. From the “project 
construction template”, only external walls, ceiling and ground floor characteristics were 
changed as shown in tables 7 and 8. To characterize the well-insulated solution, other 
European-country standards were analysed, as they are more restricted in that matter. 
Only the insulation material was changed for the poorly-insulated building, respecting the 
maximum surface thermal coefficient transmission allowed for opaque elements 




Table 7: Constructive solutions of a well-insulated building 







XPS Extruded Polystyrene 



















Urea Formaldehyde Foam 
Cast Concrete 
Floor Screed 








Table 8: Constructive solutions of a poorly-insulated building 
 Surface Materials Thickness [m] U [W m-2 ºC-1] 
External Walls 
Brickwork Outer 


















Urea Formaldehyde Foam 
Cast Concrete 
Floor Screed 










This section mainly characterizes external and internal windows, shading, doors and 
vents. As these parameters are not relevant to the present study, “Project glazing 
template” was adopted. Only the percentage of the window to the wall was changed to 
15%, as limited by RCCTE.  
All building models, regardless their size or constructive solution, have the same 
openings characteristics. “Project external glazing” is composed of two layers of generic 
clear glass 3 mm and an air gap of 13 mm between them. This template has a calculated 






Lighting template “Portugal” was chosen. As RCCTE does not establish any value 
for lighting power density, 10.20 W  m
-2 was adopted as suggested by the template.  
Lighting schedules depend on occupancy profiles (table 9). Reference occupant 
follows the schedule defined by Decree-Law nº 79/2006. Efficient occupant only switches 
on artificial lighting when natural lighting provides less than 500 lux. Inefficient occupant 
switches on artificial lighting at the beginning of the day, and only switch it off when 
leaving the office.  
Table 9: Lighting schedule due to occupant profile 
Occupant Profile Lighting Schedule 
Reference 
 






For HVAC system, a packaged direct expansion unit was chosen since it is 
recommended for office buildings and has low installation costs [10]. Mechanical 
ventilation controls the minimum fresh air rate, which is established by RSECE [69] as 
shown in table 10.  
Table 10: Lighting schedule due to occupant profile [69] 
Building Typology Minimum fresh air rate 












HVAC schedules depend on occupancy profiles (table 11). Reference occupants 
turn on the HVAC system when they arrive at the office, and turn it off at the end of the 
day. Efficient occupants also turn the system on at the beginning of the day but turn it off 
one hour before leaving the office. Inefficient occupant only turns off HVAC system on 
weekends and holidays. 
Table 11: HVAC schedule due to occupant profile 








Regarding energy efficiency, two classes were considered: A++ and D. For both 
heating and cooling systems, seasonal CoP (SCOP) is established by the Commission 
Delegated Regulation (EU) nº 626/2011 as shown in table 12 [72]. 







A++ 4.60 ≤ SCOP < 5.10 6.10 ≤ SCOP < 8.50 
D 2.50 ≤ SCOP < 2.80 3.60 ≤ SCOP < 4.10 
 
3.4. Building models 
The combination of all parameters results in forty-eight building models. They were 















1 Standard Aveiro 100 Well-Insulated A++ 
2 Standard Aveiro 100 Well-Insulated D 
3 Standard Aveiro 100 Poorly-Insulated A++ 
4 Standard Aveiro 100 Poorly-Insulated D 
5 Standard Aveiro 500 Well-Insulated A++ 
6 Standard Aveiro 500 Well-Insulated D 
7 Standard Aveiro 500 Poorly-Insulated A++ 
8 Standard Aveiro 500 Poorly-Insulated D 
9 Standard Salvador 100 Well-Insulated A++ 
10 Standard Salvador 100 Well-Insulated D 
11 Standard Salvador 100 Poorly-Insulated A++ 
12 Standard Salvador 100 Poorly-Insulated D 
13 Standard Salvador 500 Well-Insulated A++ 
14 Standard Salvador 500 Well-Insulated D 
15 Standard Salvador 500 Poorly-Insulated A++ 
16 Standard Salvador 500 Poorly-Insulated D 
17 Efficient Aveiro 100 Well-Insulated A++ 
18 Efficient Aveiro 100 Well-Insulated D 
19 Efficient Aveiro 100 Poorly-Insulated A++ 
20 Efficient Aveiro 100 Poorly-Insulated D 
21 Efficient Aveiro 500 Well-Insulated A++ 
22 Efficient Aveiro 500 Well-Insulated D 
23 Efficient Aveiro 500 Poorly-Insulated A++ 
24 Efficient Aveiro 500 Poorly-Insulated D 
25 Efficient Salvador 100 Well-Insulated A++ 
26 Efficient Salvador 100 Well-Insulated D 
27 Efficient Salvador 100 Poorly-Insulated A++ 
28 Efficient Salvador 100 Poorly-Insulated D 
29 Efficient Salvador 500 Well-Insulated A++ 
30 Efficient Salvador 500 Well-Insulated D 
31 Efficient Salvador 500 Poorly-Insulated A++ 
32 Efficient Salvador 500 Poorly-Insulated D 
33 Inefficient Aveiro 100 Well-Insulated A++ 
34 Inefficient Aveiro 100 Well-Insulated D 
35 Inefficient Aveiro 100 Poorly-Insulated A++ 
36 Inefficient Aveiro 100 Poorly-Insulated D 
37 Inefficient Aveiro 500 Well-Insulated A++ 
38 Inefficient Aveiro 500 Well-Insulated D 
39 Inefficient Aveiro 500 Poorly-Insulated A++ 
40 Inefficient Aveiro 500 Poorly-Insulated D 
41 Inefficient Salvador 100 Well-Insulated A++ 
42 Inefficient Salvador 100 Well-Insulated D 
43 Inefficient Salvador 100 Poorly-Insulated A++ 
44 Inefficient Salvador 100 Poorly-Insulated D 
45 Inefficient Salvador 500 Well-Insulated A++ 
46 Inefficient Salvador 500 Well-Insulated D 
47 Inefficient Salvador 500 Poorly-Insulated A++ 










4. RESULTS AND DISCUSSION  
4.1. Summary  
This chapter aims to present and discuss the dynamic simulations results. All forty-
eight building models were created at DesignBuilder software, resulting in different energy 
consumptions divided into three categories: equipment, lighting, and HVAC. Energy waste 
and saving potentials due to occupancy were established based on standard occupant 
results, i.e., standard values were considered as a reference. All results are displayed in 
Appendix A. 
First, general results are presented regarding the impact of occupancy profiles in 
each of the other four studied parameters. The main objective was to analyse separately 
the influence of occupants. To that end, for each parameter, all others were disregarded, 
i.e., in order to analyse occupants effect related to location, average values were 
calculated for all buildings in both locations regardless their size, constructive solution, 
and energy efficiency class. The building model groups for average calculations are 
detailed in Appendix B. 
Later on, in section 3.3, detailed results are discussed, considering the influence of 
all five studied parameters in each of the three energy consumption categories of 
DesignBuilder simulation. At last, a discussion section aims to summarize all relevant 
results obtained in this study.   
  
4.2. Occupants’ influence 
This section discloses general results, namely based on energy consumption and 
saving potentials for each occupancy profile due to the other four studied parameters, 
separately. In order to compile the following information, average values of energy 
consumption were calculated regardless variations due to all other parameters.  
 
4.2.1. Location 
Simulations were made for two different locations. Aveiro, Portugal, was chosen to 
represent temperate climates, while Salvador, Brazil, represents tropical climates. 
Average values of all forty-eight building models’ annual energy consumption were 




example, the energy consumption of standard occupants in Aveiro was calculated as the 
average energy consumption results for building models 1 to 8. 
Results showed that energy consumption can vary up to 17.85% depending on the 
building’s location. This rate was different for each occupant profile, although in all cases 
buildings situated in Salvador demanded more energy than those located at Aveiro 
(figure 9).   
 
Figure 9: Annual energy consumption by location and occupant profile. 
Table 14 shows the energy consumption breakdown for each of the three categories 
analysed by DesignBuilder (equipment, lighting, and HVAC). These results are averaged 
values of all scenarios and therefore do not take into account consumption differences 
due to size, constructive solution, and energy efficiency class.  















Standard 14.11 7.40 7.20 
Efficient 10.35 2.75 5.94 
Inefficient 25.13 10.78 10.01 
Salvador 
Standard 14.11 7.40 12.45 
Efficient 10.35 2.34 10.45 




 For each occupancy profile, the energy demanded by equipment remained the 
same in both locations. The same happened to the energy demand by lighting for 
standard and inefficient occupants. As efficient occupants take natural lighting in 
consideration, artificial lighting usage was lower in Salvador, as it is closer to the Equator 
and therefore has a higher illuminance throughout the year.  
On the other hand, energy demand by HVAC was higher in Salvador regardless the 
occupant profile. Although there is no need for heating at any time, cooling is needed 
throughout the entire year. In Aveiro, heating is needed from November to April, although 
mostly from December to February. Cooling demands electricity throughout the whole 
year, but mostly from April to November.  
As energy demand differs, so does energy saving potentials. Even though gross 
energy demand in Aveiro tends to be lower, both energy saving and waste potentials are 
greater when compared to buildings in Salvador. Figure 10 brings the results for both 
inefficient and efficient occupants when compared to standard results. 
 
Figure 10: Energy saving potential by location and occupant profile, in relation to standard occupants. 
It was also analysed the importance of each category (equipment, lighting, and 
HVAC) in the building’s total energy demand for each occupancy profile, as shown in 
figure 11. It can be observed that regardless the occupant, HVAC has a higher importance 
in Salvador. This outcome was expected since, as shown in table 14, energy demand by 






Figure 11: Energy consumption by category, location and occupant profile, in relation to standard occupants. 
 
4.2.2. Size 
The same analysis was made taking the building’s size into account instead of its 
location. Average values of all forty-eight building models’ annual energy consumption 
were calculated only considering variations due to size and occupancy profiles. For 
example, annual energy consumption of standard occupants for SOB was calculated as 
the average energy consumption results for building models 1-4 and 9-12. 
Figure 12 shows total energy consumption by square meter, considering the building 
gross area. For all cases, LOB were exactly 5 times bigger than the SOB. Energy 
consumption increase ratio, however, was 5.16 for standard occupants, 5.15 for efficient 





Figure 12: Annual energy consumption by gross size and occupant profile. 
However, it is important to consider that the building gross size differs from its useful 
floor area. Average useful floor areas are 82.10 for SOB and 458.60 for LOB, resulting in 
a ratio of 1:5.59. When considering energy consumption by square meter of useful floor 
area, energy demand increased in a lower ratio than size, as shown in figure 13. 
 
Figure 13: Annual energy consumption by useful floor area and occupant profile. 
Nevertheless, when analysing the energy consumption breakdown (table 15), it can 
be noted that energy demand by equipment between LOB and SOB follows a ratio of 
1:5.59 in all cases, i.e., the same as the buildings useful floor area. For standard and 




Table 15: Annual energy consumption breakdown regarding size and occupancy profiles. 
















Standard 4.28 2.25 3.65 
Efficient 3.14 0.60 3.12 
Inefficient 7.63 3.27 5.09 
500 
Standard 23.94 12.55 16.00 
Efficient 17.57 4.53 13.28 
Inefficient 42.62 18.29 22.60 
  
From table 15 it may also be mentioned that, while energy demand by equipment 
shows a great variation between standard and inefficient occupant results, lighting and 
HVAC were not affected by the same rate. While equipment is the category with the most 
discrepancy for inefficient occupants, lighting is the one with most discrepancy for efficient 
ones. Energy saving potential by lighting is higher than other categories once it does not 
depend on a schedule, but also on natural lighting. In fact, efficient occupants can 
demand up to 3.75 times less energy due to lighting; for equipment and HVAC this value 
lowers to 1.36 and 1.21, respectively.  
Energy saving potentials of efficient occupants were nearly the same regardless the 
building size, as shown in figure 14. When it comes to energy waste, however, inefficient 
occupants are responsible for a higher energy waste potential in larger buildings. It may 
also be observed that saving potential is smaller than waste potential. This is in fact 
reassured when analysing table 15. Note that inefficient occupants demand almost twice 
as much energy for equipment than standard occupants. Evidently, efficient measures are 
not able to reduce energy demand at the same ratio.  
 




Finally, energy consumption by each of the three analysed categories was 
evaluated according to the building’s size and occupancy profile. Figure 15 shows that in 
all scenarios, the importance of equipment and lighting grows, while HVAC energy 
consumption has lower importance. While energy demand by equipment and lighting 
presented an average increase rate of 5.59 and 6.24, respectively, energy demand by 
HVAC in LOB is, on average, 4.36 times higher than in SOB. 
 
Figure 15: Energy consumption by category, size and occupant profile, in relation to standard occupants. 
 
4.2.3. Constructive solution 
Building models were created with two constructive solutions. This parameter 
altered not only energy consumption but also the useful building floor area, as shown in 
table 16. This useful area varies from one constructive solution to another because of the 
external wall thickness: for well-insulated buildings, external walls are 0.10 [m] thicker 





Table 16: Difference in useful building area due to a constructive solution. 
Constructive Solution 
SOB useful building area 
[m²] 
LOB useful building area 
[m²] 
Well-Insulated 80.28 454.28 
Poorly Insulated 83.91 462.91 
 
It is expected from the literature that poorly insulated buildings demand more energy 
than the well-insulated ones, mainly due to HVAC usage. This trend was indeed observed 
in dynamic simulation results, as shown in figure 16. Average values of all forty-eight 
building models’ annual energy consumption were calculated only considering variations 
due to constructive solutions and occupancy profiles. For example, annual energy 
consumption of standard occupants for well-insulated buildings was calculated as the 
average energy consumption results for building models 1, 2, 5, 6, 9, 10, 13 and 14. 
The impact of constructive solution over energy demand, however, is lower than 
location and size. In fact, energy demand of poorly insulated buildings was up to 7.18% 
higher than the demand for well-insulated ones. 
 
Figure 16: Annual energy consumption by constructive solution and occupant profile. 
Energy saving and waste potentials due to occupancy patterns also presented a 
very slight variation for both well and poorly insulated buildings. When compared to 
standard occupants, efficient measures can reduce energy demand by 33.00%. Inefficient 
occupants can increase demand by 58.43%.  
Table 17 exposes the energy consumption breakdown for each of the categories 
analysed in DesignBuilder simulations. It can be noted that not only HVAC had an 





















Standard 13.95 7.31 9.24 
Efficient 10.23 2.54 7.60 
Inefficient 24.84 10.66 12.89 
Poorly Insulated 
Standard 14.27 7.48 10.41 
Efficient 10.47 2.59 8.79 
Inefficient 25.41 10.90 14.80 
 
DesignBuilder calculations for equipment and lighting energy demand depend only 
on the schedule and useful floor area, except for lighting usage by efficient occupants. 
Therefore, there is a slight increase in these demands on poorly insulated buildings, since 
useful floor area is bigger. The most significant energy demand growth, as expected, was 
from HVAC usage (figure 17). 
 





4.2.4. Energy efficiency class 
For half of the building models, HVAC system had an energy efficiency class 
equivalent to A++. For the other half, COP values equivalent to class D were imputed. The 
impact of this change in the final energy consumption can be seen in figure 18. Note that 
energy efficiency class can increase energy consumption by 29.48%. 
This results were obtained by the average values of all forty-eight building models’ 
annual energy consumption, only considering variations due to energy efficiency class 
and occupancy profiles. For example, annual energy consumption of standard occupants 
for A++ systems was calculated as the average energy consumption results for building 
models 1, 3, 5, 7, 9, 11, 13 and 15.  
 
Figure 18: Total energy consumption by constructive solution and occupant profile. 
Energy efficiency class affected only HVAC systems. As it can be observed at 
table 18, for all occupancy profiles, energy demand by equipment and lighting were 
exactly the same regardless the energy efficiency class. However, this parameter nearly 
doubled energy demand by HVAC.  

















Standard 14.11 7.40 6.48 
Efficient 10.35 2.56 5.48 
Inefficient 25.13 10.78 9.25 
D 
Standard 14.11 7.40 13.17 
Efficient 10.35 2.56 10.91 





Energy saving and waste potentials also varied depending on the energy efficiency 
class. Efficient occupants had a higher saving potential with A++ systems when compared 
to standard occupants results (figure 19). Meanwhile, inefficient occupants are also more 
likely to demand more energy with A++ HVAC systems.  
 
Figure 19: Energy saving potential by energy efficiency class and occupant profile, in relation to standard 
occupants. 
As expected from table 18, as energy demand by equipment and lighting remain the 
same regardless energy efficiency class, HVAC importance grows from A++ to D 
buildings, as it can be seen in figure 20. 
 




4.3. Results by category 
This section aims to disclose energy consumption results separately for equipment, 
lighting and HVAC. Occupant profile affected all categories, as well as the size and 
constructive solution. The magnitude of their influence, however, was different in each 
scenario, although the size was the most influencing of them all, as detailed in the 
following subsections.   
After all, a more extensive analysis was made in order to evaluate occupancy 
impact in energy consumption. Comparisons were made between building models with 
identical characteristics, except for occupancy profile. For example, building models 1, 17 
and 33 were compared to each other and so on. 
 
4.3.1. Equipment 
Energy consumption due to equipment usage is only affected by three out of the five 
analysed parameters. Location and energy efficiency class had absolutely no influence 
over this category.  
Energy consumption increased proportionally with the building usage floor area. 
This outcome was expected as energy consumption by equipment is calculated at 
DesignBuilder as power per m². Well-insulated LOB consumed 5.66 times more energy 
than well-insulated SOB. For poorly insulated buildings, this rate was 5.52.  
When analysing constructive solution alone, it was found that poorly insulated 
buildings increase energy consumption by 4.51% in SOB and by 1.90% in LOB, when 
compared to well-insulated buildings. These results make clear that small buildings are 
more affected by constructive solutions than large ones.  
Occupancy was also an influencing parameter. In relation to standard occupancy, 
energy consumption due to equipment usage decreased by 26.67% for efficient 
occupants. Inefficient occupants increased the standard values by 78.04%.  
 
4.3.2. Lighting 
Analysing energy consumption due to lighting is more complex than equipment on 
the grounds that, in this category, efficient occupants’ behaviour is influenced by more 
variables than other occupancy profiles. Nevertheless, for all profiles, energy efficiency 




In relation to standard occupant results, inefficient occupancy increased energy 
consumption by 45.73% in all conditions. For standard and inefficient occupants, the 
increase in energy demand due to size followed the same proportion of equipment 
demand (5.66 for well-insulated buildings and 5.52 for the poorly insulated ones). 
Constructive solution influence is also equal to equipment. 
On the other hand, efficient occupants demand a more detailed analysis. As energy 
consumption by lighting depends on natural lighting levels, location is also a parameter 
that affects consumption. SOB located in Salvador consumed an average of 4.6% less 
energy than the ones located in Aveiro. For  LOB, this rate was 14.7%. 
As location began to matter, constructive solution and size affected each building in 
its own way, as shown in table 19. 
Table 19: Increase in energy consumption due to lighting in poorly insulated buildings, when compared to well-
insulated buildings. 
Aveiro 100 m² Aveiro 500 m² Salvador 100 m² Salvador 500 m² 
4,02 % 1,28 % 4,12 % 1,50 % 
 
 As Salvador has more natural lighting than Aveiro, energy saving potential regarding 
lighting consumption was bigger in the tropical location. Table 20 shows the results for 
each location and building size when compared to standard occupancy.  
Table 20: Energy savings potential in relation to standard occupancy. 
Aveiro 100 m² Aveiro 500 m² Salvador 100 m² Salvador 500 m² 




Energy consumption by HVAC was affected by all five parameters. The size of the 
building was the most influential of them all, followed by energy efficiency class and 
location. The building’s constructive solution was the least influential parameter.  
Unlike energy demand by equipment, HVAC consumption did not increase 
proportionally with size. LOB had an average increase ratio of 4.39 for standard 
occupants, 4.33 for efficient occupants, and 4.46 for inefficient ones.  
Energy efficiency class had practically the same effect on all occupancy profiles: 




standard occupants and by 1.99 for efficient and inefficient ones.  Regardless of the 
occupancy profile, the energy efficiency class had more impact on buildings located in 
Salvador. 
Salvador also increased energy demand from HVAC systems when compared to 
Aveiro. In fact, for buildings located in a tropical climate, energy demand grown on a ratio 
of 1.78 for standard occupants, 1.84 for efficient occupants, and 1.81 for inefficient ones. 
Also, the impact of the constructive solution is higher in Salvador. 
In summary, size has a bigger impact on energy consumption by inefficient 
occupants than by efficient ones. On the other hand, efficient occupants are more 
influenced by the building’s location and constructive solution. Energy efficiency class 
affects both occupancy profiles equally.  
 
4.4. Discussion 
Energy efficiency stands out as a cost-effective way to help several nations to 
achieve their goals towards the global warming fight. BPS tools are therefore 
indispensable since they allow the prediction of energy use in buildings. As all software, 
however, BPS tools have limitations, such as the consideration of occupants’ behaviours 
in energy consumption. This thesis aimed to study specifically this limitation and quantify 
the impact of behaviour on energy consumption in service buildings.  
Another goal was to evaluate the major contributing parameters to the overall 
energy saving potential. For that matter, forty-eight building models were created with 
different characteristics regarding occupancy, location, size, constructive solution and the 
building’s energy efficiency.  
The first research question refers to the quantification of energy saving potential 
associated with consumer behaviour. As expected, occupant behaviour had a significant 
influence on energy consumption in service buildings. In all scenarios, efficient occupant 
behaviours were able to reduce energy consumption while inefficient behaviours 
increased energy demand when compared to standard ones. The energy saving potential 
varied depending on the building typology, constructive features and climate. It also varied 
depending on the energy final use (equipment, lighting, or HVAC). 
A general result was calculated as averaged values of total energy consumption for all 
forty-eight building models, considering only the difference between occupancy profile. 
Standard occupants are represented in building models 1 to 16, efficient occupants, 17 to 




were able to reduce consumption by 32.64% when compared to standard occupants. 
Inefficient behaviours increased energy consumption by 58.64%. 
 
Figure 21: Average values for annual energy consumption according to occupant profile. 
Table 21 shows the energy consumption breakdown by each category regarding 
occupancy profile. Note that lighting is the category with higher energy saving potential by 
efficient occupants (65.3%). The higher energy waste potential by inefficient occupants is 
on equipment (78.0%). 














Equipment 14.11 10.35 25.13 
Lighting 7.40 2.56 10.78 
HVAC 9.83 8.20 13.84 
 
The importance of energy consumption by each of the end uses considered also 
varied depending on occupancy profile, as shown in figure 22. For all occupants, 





Figure 22: Impact of occupancy profile on energy consumption by each category. 
Although efficient occupants were able to reduce energy consumption in all three 
categories, energy demand by lighting showed substantial reduction when compared to 
standard results. Therefore equipment and HVAC gained importance as energy demand 
by these two categories did not decrease at the same rate as lighting. The same 
happened with inefficient occupants regarding the increase of energy demand by 
equipment, which reduced the importance of lighting and HVAC. 
This thesis’ second research question regards the major contributing parameters to 
the overall reduction of energy consumption. Section 3.2 disclosed general results in that 
matter. The higher rates for both energy saving and waste potentials were due to energy 
efficiency class: when compared to standard results for A++ buildings, efficient occupants 
can reduce energy consumption by 34.7%, while inefficient behaviours can increase 
consumption by 60.6%. That result can explain as energy efficiency class has a high 
impact on energy demand by HVAC system, which has a big importance in energy 
consumption for all occupancy profiles.  
Concerning gross values for energy saving and waste, energy efficiency class was 
the parameter that most affected energy consumption. HVAC systems with a class 





Secondly, different locations were liable for a diversion of 18.9% in energy 
consumption. Buildings situated in Salvador had higher energy demand by HVAC 
systems. Although there is no need for heating, the energy needed for cooling throughout 
the entire year ended up being significantly higher than energy demand by HVAC in 
Aveiro, where both heating and cooling are needed.  
Regarding the building’s size, it was observed that energy demand increases in a 
higher rate than the gross building area, however, energy demand increase in a lower rate 
than the useful floor area. Considering the gross area, LOB demand 7,2% more energy 
per square meter than SOB. When only the useful floor area is taken into account, this 
rate drops to -3.1%. 
Finally, poorly insulated buildings were responsible for an increase of 6.1% in 
energy consumption when compared to well-insulated ones. Constructive solutions 
influenced energy consumption of all end-use categories, although in a very slight 
manner. 
At last, it is inevitable to notice that regardless the rigorousness of efficient 
behaviours, waste potential by inefficient occupants was always higher than saving 
potential. This result shows the danger of unconcerned energy behaviours and the threat 












5.1. Summary  
This chapter aims to summarise the main conclusion of this dissertation in order to 
evaluate if all proposed objectives have been achieved. It also discloses on the main 
obstacles and, finally, some future research prospects are indicated. 
 
5.2. General conclusions 
Understanding energy behaviour is a multifaceted task, which makes it a challenge 
to be rightfully represented in dynamic simulation tools. Although several studies support 
the great energy saving potential through behavioural changes, there is still little 
knowledge regarding occupant behaviours. Therefore, it represents a significant limitation 
of dynamic simulation tools and is one of the reasons why results often differ from reality.  
This thesis aimed to propose a quantitative methodology to analyse occupants’ 
behaviours and their impact on energy consumption in service buildings. It was also a 
goal to acknowledge which parameters have a greater impact on energy consumption in 
service buildings and therefore should be the focus of potential interventions.  
The proposed methodology was based on the building dynamics simulation 
considering extreme operation profiles, representing limit energy behaviours of service 
buildings occupants using DesignBuilder software. Five main factors were considered and 
combined to acquire a large variability of results: occupant profile, location, the size of the 
building, constructive solution, and energy efficiency class of HVAC system. 
Before analysing the results, it is important to consider this thesis’ limitations. As 
energy behaviour is a complex and recent theme, there is a great variety of studies with 
different results. It has not yet been elaborated an uncontestable teory about human 
behaviour, and therefore behavioural modelling approaches are not yet unblemished. 
Another limitation concerns service buildings data acquisition, as information varies 
between countries regarding building typology and energy consumption breakdown. 
Two research questions were initially formulated and appropriately addressed in the 
previous chapter of this thesis. The first goal was to quantify the potential of energy 
consumption reduction associated with consumer behaviour in service buildings. To that 
end, average values of total energy consumption for all building models were considered. 
The potential of energy reduction due to efficient behaviours was 32.64% when compared 
to standard behaviours. On the other hand, inefficient behaviours increased energy 




Energy saving and waste potential were different for each of the three energy end-
uses. Efficient behaviours have a higher impact on lighting, while inefficient behaviours 
have a higher influence on equipment. The least affected category, for both, was HVAC 
system. For all occupancy profiles, equipment was the category responsible for most of 
the energy consumption, followed by HVAC and lighting. Their importance, however, 
varied from one occupancy profile to another. 
The second research question aimed to define the major contributing parameters to 
the overall reduction of energy consumption. Energy efficiency class was the parameter 
with higher energy saving and waste potential. When compared to standard results for 
A++ HVAC systems, efficient behaviours reduced energy consumption by 34.7%, while 
inefficient behaviours increased consumption by 60.6%. At the same time, the lower 
results for energy saving and waste potential were for HVAC systems equivalent to 
energy efficiency class D. Efficient occupants demanded 31.31% less energy than 
standard ones, while inefficient occupants consumed an extra 56.26%. 
Note that energy saving and waste potential had little variation regardless the 
analysed parameter. However, concerning gross values for energy consumption, some 
parameters, namely the building size, had a major contribution to the increase of energy 
consumption. Results showed that energy demand increases in a higher rate than the 
gross building size; however, it increases at a lower rate than the useful floor area. 
As expected, the lower the efficiency class, the higher the energy consumption. 
HVAC systems with a class equivalent to D demanded an average of 24.6% more energy 
than the A++ systems. The location also influenced total energy consumption: Salvador 
has a higher energy demand due to cooling necessity, increasing energy consumption by 
18.9% when compared to buildings situated in Aveiro. Finally, poorly insulated buildings 
are accountable for an increase of 6.1% in total energy consumption in comparison to 
well-insulated buildings. 
Regarding climate influence, occupant actions have a more significant impact on 
buildings located at warmer climates, as previously stated by Bonte et al. [38]. Climate 
strongly influences heating and cooling behaviour: while cold climates induce a greater 
use of heating and have less cooling demand, warm cilmates increases cooling needs. 
Also, warmer climates represent locations closer to Ecuador, which have a higher solar 
insolation and therefore affects natural lighting and ventilation. 
In conclusion, it is essential to have a deep knowledge of all outward factors in order 




they can affect the building’s energy consumption. However, it was demonstrated that 
occupant behaviour can positively affect energy consumption, as well as it can have a 
negative influence. Results showed that in all scenarios waste potential by inefficient 
occupants was always higher than saving potentials. It, therefore, highlights the 
importance of understanding and rightfully considering energy behaviour in order to 
achieve accurate results in dynamic simulations.  
 
5.3. Future research 
As behaviour is a complex topic, efficient and inefficient occupants and their 
interactions with energy end-uses were representative and established based mainly on 
other studies. Therefore, for more accurate results, it is important to fully understand 
energy behaviours, its variations due to contextual, psychological and physiological 
factors. For instance, same occupancy profiles were considered both in Aveiro and 
Salvador; however, occupants do not necessarily act the same way in both places due to 
cultural differences. As modelling process is based in quantitative modelling technics, the 
use of social techniques such as interviews and surveys may help understand and 
develop more realistic occupancy profiles.  
Further attention must be paid when considering different locations. For comparison 
purposes, the variations of decree-laws between Portugal and Brazil were not considered. 
However, it is known that both countries have different legal requirements regarding 
constructive solutions and energy efficiency class definitions. 
As occupant behaviour has a great impact on energy consumption in service 
buildings, it may also be suggested a more thorough investigation on possible 
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APPENDIX A – Dynamic simulation results 




















1 Standard Aveiro 100 Well-Insulated A++ 4,191.06 2,196.71 1,518.25 7,906.02 
2 Standard Aveiro 100 Well-Insulated D 4,191.06 2,196.71 3,024.07 9,411.84 
3 Standard Aveiro 100 Poorly Insulated A++ 4,380.25 2,295.87 1,994.70 8,670.82 
4 Standard Aveiro 100 Poorly Insulated D 4,380.25 2,295.87 3,939.76 10,615.88 
5 Standard Aveiro 500 Well-Insulated A++ 23,715.54 12,430.29 6,690.14 42,835.97 
6 Standard Aveiro 500 Well-Insulated D 23,715.54 12,430.29 13,301.32 49,447.15 
7 Standard Aveiro 500 Poorly Insulated A++ 24,165.76 12,666.26 9,126.93 45,958.95 
8 Standard Aveiro 500 Poorly Insulated D 24,165.76 12,666.26 18,014.43 54,846.45 
9 Standard Salvador 100 Well-Insulated A++ 4,191.06 2,196.71 3,105.85 9,493.62 
10 Standard Salvador 100 Well-Insulated D 4,191.06 2,196.71 6,211.70 12,599.47 
11 Standard Salvador 100 Poorly Insulated A++ 4,380.25 2,295.87 3,139.54 9,815.66 
12 Standard Salvador 100 Poorly Insulated D 4,380.25 2,295.87 6,279.08 12,955.20 
13 Standard Salvador 500 Well-Insulated A++ 23,715.54 12,430.29 12,694.87 48,840.70 
14 Standard Salvador 500 Well-Insulated D 23,715.54 12,430.29 27,389.74 63,535.57 
15 Standard Salvador 500 Poorly Insulated A++ 24,165.76 12,666.26 13,600.60 50,432.62 
16 Standard Salvador 500 Poorly Insulated D 24,165.76 12,666.26 27,201.19 64,033.21 
17 Efficient Aveiro 100 Well-Insulated A++ 3,073.44 601.14 1,233.82 4,908.40 
18 Efficient Aveiro 100 Well-Insulated D 3,073.44 601.14 2,448.57 6,123.15 
19 Efficient Aveiro 100 Poorly Insulated A++ 3,212.18 626.32 1,729.97 5,568.47 
20 Efficient Aveiro 100 Poorly Insulated D 3,212.18 626.32 3,401.56 7,240.06 
21 Efficient Aveiro 500 Well-Insulated A++ 17,391.40 4,856.77 5,256.11 27,504.28 




23 Efficient Aveiro 500 Poorly Insulated A++ 17,721.55 4,919.98 7,780.35 30,421.88 
24 Efficient Aveiro 500 Poorly Insulated D 17,721.55 4,919.98 15,278.73 37,920.26 
25 Efficient Salvador 100 Well-Insulated A++ 3,073.44 572.93 2,661.29 6,307.66 
26 Efficient Salvador 100 Well-Insulated D 3,073.44 572.93 5,322.58 8,968.95 
27 Efficient Salvador 100 Poorly Insulated A++ 3,212.18 597.53 2,709.82 6,519.53 
28 Efficient Salvador 100 Poorly Insulated D 3,212.18 597.53 5,419.64 9,229.35 
29 Efficient Salvador 500 Well-Insulated A++ 17,391.40 4,137.16 11,170.71 32,699.27 
30 Efficient Salvador 500 Well-Insulated D 17,391.40 4,137.16 22,341.43 43,869.99 
31 Efficient Salvador 500 Poorly Insulated A++ 17,721.55 4,199.96 11,327.62 33,249.13 
32 Efficient Salvador 500 Poorly Insulated D 17,721.55 4,199.96 22,655.25 44,576.76 
33 Inefficient Aveiro 100 Well-Insulated A++ 7,461.85 3,201.22 2,083.33 12,746.40 
34 Inefficient Aveiro 100 Well-Insulated D 7,461.85 3,201.22 4,155.10 14,818.17 
35 Inefficient Aveiro 100 Poorly Insulated A++ 7,798.69 3,345.72 2,767.63 13,912.04 
36 Inefficient Aveiro 100 Poorly Insulated D 7,798.69 3,345.72 5,468.62 16,613.03 
37 Inefficient Aveiro 500 Well-Insulated A++ 42,223.66 18,114.42 9,336.62 69,674.70 
38 Inefficient Aveiro 500 Well-Insulated D 42,223.66 18,114.42 18,607.20 78,945.28 
39 Inefficient Aveiro 500 Poorly Insulated A++ 43,025.22 18,458.30 12,650.19 74,133.71 
40 Inefficient Aveiro 500 Poorly Insulated D 43,025.22 18,458.30 24,996.22 86,479.74 
41 Inefficient Salvador 100 Well-Insulated A++ 7,461.85 3,201.22 4,347.16 15,010.23 
42 Inefficient Salvador 100 Well-Insulated D 7,461.85 3,201.22 8,694.32 19,357.39 
43 Inefficient Salvador 100 Poorly Insulated A++ 7,798.69 3,345.72 4,389.47 15,533.88 
44 Inefficient Salvador 100 Poorly Insulated D 7,798.69 3,345.72 8,778.95 19,923.36 
45 Inefficient Salvador 500 Well-Insulated A++ 42,223.66 18,114.42 18,630.69 78,968.77 
46 Inefficient Salvador 500 Well-Insulated D 42,223.66 18,114.42 37,261.38 97,599.46 
47 Inefficient Salvador 500 Poorly Insulated A++ 43,025.22 18,458.30 19,776.87 81,260.39 




APPENDIX B – Building model groups for average calculations 
This appendix shows the building models considered for each calculation presented 
at section 3. Average results of each group were used for discussion.  








Aveiro 1 to 9 17 to 24 33 to 40 
Salvador 10 to 16 25 to 32 41 to 48 
 








SOB 1 to 4 and 9 to 12 17 to 20 and 25 to 28 33 to 36 and 41 to 44 
LOB 5 to 8 and 13 to 16 21 to 24 and 29 to 32 37 to 40 and 45 to 48 
 









Well-Insulated 1, 2, 5, 6, 9, 10, 13, 14 
17, 18, 21, 22, 25, 26, 29, 
30 
33, 34, 37, 38, 41, 42, 45, 
46 
Poorly Insulated 3, 4, 7, 8, 11, 12, 15, 16 
19, 20, 23, 24, 27, 28, 31, 
32 
35, 36, 39, 40, 43, 44, 47, 
48 
 









A++ 1, 3, 5, 7, 9, 11, 13, 15 
17, 19, 21, 23, 25, 27, 29, 
31 
33, 35, 37, 39, 41, 43, 45, 
47 
D 2, 4, 6, 8, 10, 12, 14, 16 
18, 20, 22, 24, 26, 28, 30, 
32 
34, 36, 38, 40, 42, 44, 46, 
48 
 







1 to 16 17 to 32 33 to 48 
 
 
